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PCR amplify. immobilize, and expose 3°' CH

at random sites as in Fig. 5.

C-T-T-T-A--—————— == ===
emcemmmmmee e A=T~G-A-T-A-C—C-A-A-A-T---~m--om=on=

e meeeeme == T-A-C-T-A-T
cmmmm——meme T A~C-T-A-T-G

O
O
O
O

A-C-T-A-T-G-G-T-T-T-A--mommmmm====
cmmreemm 2o A=-TP—-G-A-T-A-C-C-A-A-A-T-omm—mme=—==

T-T-T-RA-em——m—emm=—

C-T-A-T-G-G-T-T-T-A-—==w=me=—=-——
comr——encee=A=T-G~-A-T-A-C-C~-A~A-A-T——===w=mem=———

R LT

O
O
O
O

cmem e em e A-T-G-A-T-A-C=C-A-A-A-T--mm=mmer ===

ammmm e e =T-A=C-T-A-T-G-C

T-T-R-we—mmmem————

cmemcemm e ~A=T-G-A-T-A-C—C-A-A-A-T-=vr ~o—me—= ===
cmmem—meme==P-A-C-T-A-T-G-G-T

P-A-T-G-G-T-T-T-A-==m=m=m=n===

emeceeammm==A=T—G-A-T-A-C-C-A-A-A-T-~=-wm=m=—m==

commmmmmeme T}
cmmmmmmanm==T-A-C

T-A---——m——mmmam

A-T-G-G-T-T-T-A--~-===c====r

emee— e e e A=T-G-A-T-A-C~C-A-A-A-T- = mem = m = ==

e mmmmme—=mm-A-T-G-A-T-A—-C-C-A-A-A-T--=--——---===

mmewmmmwm—==T-A-C-T

(O-co-eccemme——T-A-C-T-A-T-G-G~-T-T A------m=--=--

T-G—G-T-T-T-A-—~~—-=>=====

mmemeeeme = A=T-G-A-T-A-C-C-A-A~-A-T-~~--mmom=nn=

cr e memmm e e T A=C=-T-A-T-G~G-T-T-T

mmeeeemmm e e B =T-G-A-T-A—C—C-A-A-A-T---——--======

O
Rlock ends opposite T,G'& C with ddATP, ddGTP,ddCTP

G-G~T-T-T-A-=======—=m—o

O-—neemmmmmm=T=A~C-T-A

—reemmmeeee—A=T~G-A-T-A-C-C-A-A-A-T---——-—mo=mm=

e cm—eeereeA=T-G-A-T-A-C-C-A-A-A-Tr==vc==m——m—=

meemmcemmeenP-A-C-T-A-T-G& G-T-T-T-A----=>-=-—=—"
cecer e e mem=R-T-G-A-T-A~C-C-A~A-A-T-~= == o —mm ==

(shown in bold letters), remove ddNTPs, then add GTTP
O

|

recmemce—em=P A-C-T-A-T-C-G-T-T-T-A---——=-=~==--
e—e—cee=mm==A-T-G-A-T-A-C-C-A-A-A-T-=mmm———-===~

O

O-------=~=-=T-A-C-T-A-T-G-G T-T-T-A---——--—-==-=

o mmemmmm e e A= TG A-T-A-C~C~A-A-A-T-————==m= ===

o I

R N P e

)--------==--T-A C-T-A-T-G-G-T-T-T-A---——=-===r-=
O-avecceeeeeeT-A-C T-A-T-C-G-T-T-T-A~-m=-=m===—-=

A-C-T-A-T—-G~G-T-T-T A-—-——-——-=—~—

TG-A-T-A-C-C-A-A-A-T-—==ve=mw==-=

O------~-==--T-A-C-T-A~T-G~G-T-T-T A---------——=-

e mce—eem e e e A=TP-G-A-T-A-C-C-A-A-A-T---————=-===-

O-------~==——T-A-C-T-A-T-G-G-T-T-T A~~-==-=-=-==---

——————— e B

mecceemaemmA=T=G-A-T-A-C-C-A-A-A-T-=======co===

{)--mw-e=nmee-T-A-C-T A-T-G-G-T-T-T-A----—===-==-"
e mecmemmeee e B =T-G-A-T-A-C-C-A-A-A-T-—=-=========

O-----~~-——~-T-A-C-T-A T-G-G-T-T-T-A-=>=—m=====—=

emeeemm e ——A~T-G-A-T-A-C—C-A-A-A-T---~—-——===--
()--~-emmc—=e=-T-A-C-T-A-T-G-G-T-T-T-A —======<====

memememe e -A-T-G-A-T-A-C-C~A~A-A-T--===m====—==

O--cceeeeee—T-A-C-T-A-T G-C-T-T-T-A---——-——--===

— T W O, O - T\ O o Rttt
wrmmemmem—m e A=T-G-A-T-A-C-C-A-A-A-T~--~=--——=====

e eeee—=—-A-T-G-A-T-A-C-C-A-A-A-T--—---=======

Block ends opposite A,G & C with AaTTP, AaGTP, ¢aCTP
ishown in bold letters)}, remove &ITPs, then add

1 tagged AdATP.
O

—G-G-T=T-T-RA-===mem—m—mm

—C-C-A~A-A-Tmm——emm—mem
cememmmmmee = A=T-G-A-T-A-C~C-A-A-A-T-—=~=r——==—==

me—em—mm=~——A-T-G-A-T-A
ceemeecmme==T-} C-T-A-T

O

()----—--===~T-A-C-P-A-T-G-G T-T-T-R----========>

O-----——-----T-A C-T-A-T-G-G-T-T-T-A-——~—======"=

e = A=T-G-A-T-A~C~C-A-A-A-To—m====m === ==

e emm e == B=T-G-A-T-A-C-C-A-A-A-T-—wm—rm-mm=m-

e

O----cmeeee—T-A-C-T-A-T-G-G-T-T-T-A --—--=r=—=—-=

-

—e—e—eme— e~ A~T-G-A-T-A-C~C~A-A-B-T-—-~========~
O-----=--===--T-A-C-T-A-T-G-G-T-T-T-A -==-=-——-=--=

e

memeemem———=T-A-C T-A-T-G-G-T-T-T-A-==—————=-=—-
e mm e e =~ A=T-G~A-T-A-C-C-A-A-A-T-——~——==-====
remeemsmme=aT-A-C-T-A T-G-G-T-T-T-A-——-====—-—==
mem—mem e — e = A~T-G~A-T-A-C-C-A-A-A-T——--——-—m==--

O
O

mem e e emm=A=T-G~A-T-A~C-C-A-A-A-T-—-—~————= ="

O---——---===~T-A-C-T-A-T-G-G-P-T-T-A --——-==---==
e ee—mm e A=T-G-A-T-A-C-C-A-A-A-T- - ——————====

O-2--—cmem e P-A-C-T-A-T-G~-G-T-T-T-A ~--——==-==="

cmecemmmmmm s A=T-G-A-T-A-C-C-A-A-A-T-=sr=owmmm—mm—

O-—coomee e - T-A-C-T~-A~T-G G-T-T-T-R-——==mm=———==

O)--——-=—em==-T-A-C-T-A T-G-G-T-T-T-A---==v——w==r=

e mmee e e =-T-G-A-T-A-C—C-A-A-A-T---=-—=====-=

sl e ol S S . e wp -—--—-—R—

-A-T~-A~C~C-A-A-A-T~~---—-—===-=

Denature and wash to remove all strands that are

not tagged at S' end.

l

QO-----———=--“T-A-C-T-A-T-G
)----------=-T-A-C-T-A-T-G-G

O----==mm==—-T-A-C-T-A-T-G-G-T-T-T-A

O------—'-—----T-A—C-T—A—T—G-G—-T—-T—T—Jt

i »
O----------=-T-A-C-T-A-T-G-G-T-T-T-A
O-------==~-=-T-A-C-T-A-T-G-G-T-T-T-A

O)-----mer==aT-a-C-T-A

O--nmmemeeT-A-C-T-A
(-----———-—--T-A-C-T-A-T-G

FIG. 21

Mobilize strands., separate by electraphoresis.

and detect tagged bases {dark bars}).
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Size separation of the products of twelve 2-base walk reactions

bases walked
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Assembly of complete sequence from the results of ind.l.ndual reactions
(inferred bases in parentheses)
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+ OH at random sites as in Fig. 5.

PUK amplirly, oDl llze, and expose 3

G-T-T-T-A--=—-mem—m==

T
T-A-C-C-A-A-A-Trrm=mvemcranae

ey U T el o T
Y X e 2 &

Yy O

-TGC-G-T-T-T-A-==-—m=m e
~C-A=-A-A-T-wmremmm— e ———

A-C-T-A
mmmm—mmem =~ A-T-G-A-T-A-C

‘,—.----_"- I A T T .

O

O------cme=—-T-p-C-T-A-T-G

T-T-T-A-—-m—=m—mm——-

cmmmm e cwm e R=T-G-A-T-B~C~C-A~A=A-Tmm-— ==~ ———

ceeeeeeme——=T-A-C-T=-A-T-G-G

_A-T-A-C~C-A-A-A-T-—-—--m——v=-m~

O-ccmeemmm=T  C-T-A-T-G-GC-T-T-T-A--——m——==o—-

cmmmm—meee=A-T-G

O----=--==--T-A

R ) e

A-T-A-C~-C-A-A-A-T--r=emrwsan——

e X

O

T-A-T-G-G~T-T-T-A~-—=r===————=

O -n e e e T-A-C-T-A-

-A-T-A-C-C-A-R-A-T--=-—-——====<

cmmm—mmm===-A-T-G

O -

y T
~C-C-A-A-A-T-——~=-—rmemee

T-G-&-T

eeeeemmmm=—-A-T-G-A-T-A
O ---—=-cm=e=-T-A-C-T-A-T-G-G-T-T

“A-A-A-T--——m-—— ===

A-T-G-G-T-T-P-A-———===---—=~

A-T-G-A-T-A-C-C

T-A-C

A-emmemcemean

TeG-G-T-T-Tep~wmmmmm— ===

e am—eee—=A-T—G-A-T-A-C-C-A-A-A-T-———-—-======

eeemmem====-T-A-C-T

O

e ceee e —ee A -T-G~A-T-A-C-C-A-A-A-T---—--———mmmm

0 TN

e s . gy S e e wil g oplie .

A

Block ends opposite T.G

—P-A-C-T-A-T-G-G-T-T-T

i all o S TR g S —

~P-G-A-T-A-C~C-A-A-A-T-- ~m o osee—e

£ C with AdATP, ddGTP, A4CTP
ddNTPs,

then add 4ATTP.

{(shown in bold letters), remove

O---cmceemee e T-A-C-T-A-T-G G-T-T-T-A---———————=—-
e e e e meA-T-G~A-T-A-C~C-A-A-A-T-rroem——e=—m-

O

l
Vo i
i i
1} I 4
1 ) i )
i 1
I 1 I
I | I
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(I} t |
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-

A-A-T=mm o mm e
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T A-T-G—G-T-T-T A~~-———-—=====

cm e = e e =T-A~C-T-A-T-G

Tel C-T-A-T-G-G-T-T-T-A~~-=v~mm====

e e e S e e B - =l - .-

-

amemememmm == A=T-G-A-T-A-C~-C-XK-

A-T-G-A-T-A-C~C-A~A-A-T-—--=r=———===

-C
AT A—C—O-A-RA-A-Tmmmmmmmm = m= ==
-T-A-C-T-A-T-G-G-T-T-T A-——~—=r===="-

memmmecm==——A-T-G-A

S

O

“T-A-C-C-A-A~A-T-mr-——mm===m=

TP-A-T-G—-G-T-T-T-A—=——=—=~=====

i ™

O

o NN

cemmmmmmme==A-T-G-A

—T-G-A-T-A—C-C-A-A-A-T-——--m==me=m=

A
e e e P A~C=T-A-T-G~G-T-P-T A~--mm——————=

O--—-—-----—--—--h-T—G-R-T—A-C-C—A-A—A-T—-----—--—---———

------l---__i‘-"—l

~P-T-T-A-— == —m——===

T-G-A-T-A~C—-C-A-A-A=T-=~———m=====

e =e o T-A-C-T A-T-G-G

. P

O

O------------T-A~C-T-A T-G-G-T-T-T-A------=---==-

O-rmoameee e P-A-C-T-A-T-G-G-T-T-T-A —==—-===--=-

e r e e A=T=G~A-T-A-C-C-A~A-A-T-—-m— === ===

A-A-T-m==mmm—m———-

T-A-T-G G-T-T-T-A---——————=—=~
O-------=-=--T-A-C-T-A-T-G-G T-T-T-A----—--—-=-"~

o ——ew——A-T-G-A-T-A-C-C-A-A-A-T=-——m—-——-==-

Block ends opposite A,G & C with daTTP, ddGTP, AdCTP
(shown in bold), remove ddNTPs, then add quTP.

e ee = ——A-T-G-A-T-A-C-C-A-

cmmmmm e = =T=3-C

|

cemem o e nT~A-C-T-A-T G-G-T~-T-T-A--———=—e=r===

O-----———---—A-T—-G-—A-T—A-c—c-a—h—a—'r---—---------
ememem e =7 C-T-A~-T-G-G-T-T-T-A-——rm————====

o-—-----------*A-T—G-R-T-Aﬁt:—C-h-AwA—T---—-----—---—

()------=====-T-A C-T-A-T-G-G-T-T-T-A--—————=="=""

o e e A=T-G-A-T-A-C-C-A-A-A-T=-—-ww——==—=-
O---ecmmmemm=T-A-C-T-A-T-G—G-T-T-T-A =-r—--——-=---

e eeemm———A=T-G~A-T-A-C-C-A-A-A-T--==-—-———=—=
O-——cccwmmr—T-A-C T-A-T-G~G-T-T-T-A--=~=mr——=—--

—emmmmmm e e A= T-G-A-T-A-C-C-A-A-A-T-~-=--—====—=

e —uvmee=—A-T~G~A-T-A-C-C-A-A-A-T--~—-—-———7-=
rmeemmemmee=T=-A-C-T-A T-G-G-T-T-T-A-—————-==-~==

~T-A-T-G-G-T-T-T-A ————======—-
T-G-A-T-A-C—C-A-BA-A-T-——=w==mw==—=

mecceemmmm==T-R-C

—— e —————— -

O
O

A-T-A-C-C-A-A-A-T-—-~-=commr—m
O)----=-~-===~T-A-C-T-A T-G-G-T-T-T-A---==-—===——"

e ————A

O
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—T-A-T~G-G-T-T-T-A ——==e——m———-

e mmmmmm e T-A-C
DU, WL, 5 o B

O--—-memeem ~P-A-C-T-A-T-G-G-T-T-T-A ===—========

e e e e A=T-G-A-T-A-C—C-A~A-A-T-—==n=-——em==

e A P-G-A-T-A-C-C-A-A-A-T=-=m—mmme e

O----———m=e==T-A-C-T-A-T-G G-T-T-T-A--——-=-~=--=-
e —mme e A=T-G-A-T-A-C-C-A-A-A-T-~ === ——— ===

,C & C with ddATP,ddGTP, ddCTP
. then add tagged AdTTP.
—C-A-A-A-T-==-—w—me——=-

eceecee—eeT-A-C-T-A-T—G G-T-T-T-A--owmwe——=—m==

= e e e me—=A=T~G-A-T-A-C

O

Rlock ends opposite T
(showm in beld), remove ddNT?s
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FIG. 30A
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COMPOSITIONS AND METHODS FOR
ANALYSIS OF NUCLEIC ACIDS

The present application 1s a divisional of application Ser.
No. 09/801,346, filed Mar. 6. 2001 now U.S. Pat. No.

6,762,022, which 1s a continuation of U.S. patent application
Ser. No. 09/151,236, filed Sep. 10, 1998, now U.S. Pat. No.

6,197,557, which was a continuation-in-part of U.S. patent
application Ser. No. 09/035,677, filed Mar. 5, 1998 now
abandoned, the entire texts of which are specifically incor-
porated herein by reference without disclaimer.

The government owns rights in the present invention
pursuant to grant number MCB 9514196 from the National
Science Foundation.

BACKGROUND OF THE INVENTION

1. FIELD OF THE INVENTION

The present invention relates generally to the field of
nucleic acid analysis. More particularly, 1t concerns the
sequencing and mapping of double-stranded nucleic acid
templates.

2. DESCRIPTION OF RELATED ART

An aggressive research eflort to sequence the entire
human genome 1s proceeding 1n the laboratories of genetic
researchers throughout the country. The project is called the
Human Genome Project (HGP). It 1s a daunting task given
that 1t involves the complete characterization of the arche-
typal human genome sequence which comprises 3x10° DNA
nucleotide base pairs. Early estimates for completing the
task within fifteen years hinged on the expectation that new
technology would be developed 1n response to the pressing
need for faster methods of DNA sequencing and improved
DNA mapping techniques.

Currently physical mapping i1s used to identily overlap-
ping clones of DNA so that all of the DNA 1n a particular
region can be sequenced or otherwise studied. There are two
basic techniques of physical mapping. First, all candidate
overlapping clones can be restricted with a series of restric-
tion enzymes and the restriction fragments separated by gel
clectrophoresis. Overlapping clones will share some DNA
sequences and thus some common restriction fragments. By
comparing the restriction fragment lengths from a number of
clones, the extent of overlap between any two clones can be
determined. This process 1s very tedious and can only
evaluate a limited number of candidate clones. Second, 1f a
large number of sequence tagged sites are known 1n the
region studied, the DNA from those sequence tagged sites
can be labeled and hybridized to the candidate clones.
Clones that hybridize to the same sequence tagged sites are
identified as overlapping. If many sequence tagged sites are
shared between two clones, it 1s assumed that the overlap 1s
extensive. Sequence tagged sites give a lot of mnformation
from a limited number of hybridization reaction, however,
most regions ol most genomes do not have extensive
sequence tagged site resources. Both methods suffer from
lack of direct correspondence between the sequence and the
restriction sites or sequence tagged site locations.

Current DNA sequencing approaches generally incorpo-
rate the fundamentals of either the Sanger sequencing
method or the Maxam and Gilbert sequencing method, two
techniques that were first introduced 1n the 1970°s (Sanger
et al, 1977; Maxam and Gilbert, 1977). In the Sanger
method, a short oligonucleotide or primer 1s annealed to a
single-stranded template containing the DNA to be
sequenced. The primer provides a 3' hydroxyl group which
allows the polymerization of a chain of DNA when a
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polymerase enzyme and dN'TPs are provided. The Sanger
method 1s an enzymatic reaction that utilizes chain-termi-
nating dideoxynucleotides (ddNTPs). ddNTPs are chain-
terminating because they lack a 3'-hydroxyl residue which
prevents formation of a phosphodiester bond with a suc-
ceeding deoxyribonucleotide (dNTP). A small amount of
one ddNTP 1s included with the four conventional dNTPs 1n
a polymerization reaction. Polymerization or DNA synthesis
1s catalyzed by a DNA polymerase. There 1s competition
between extension of the chain by incorporation of the
conventional dN'TPs and termination of the chain by incor-
poration of a dANTP.

The original version of the Sanger method utilized the E.
coli DNA polymerase I (*pol I"’), which has a polymeriza-
tion activity, a 3'-5' exonuclease prooireading activity, and a
5'-3' exonuclease activity. Later, an improvement to the
method was made by using Klenow fragment instead of pol
I; Klenow lacks the 3'-3' exonuclease activity that 1s detri-
mental to the sequencing reaction because 1t leads to partial
degradation of template and product DNA. The Klenow
fragment has several limitations when used for enzymatic
sequencing. One limitation 1s the low processivity of the
enzyme, which generates a high background of fragments
that terminate by the random dissociation of the enzyme
from the template rather than by the desired termination due
to incorporation of a ddANTP. The low processivity also
means that the enzyme cannot be used to sequence nucle-
otides that appear more than ~250 nucleotides from the 3
end of the primer. A second limitation 1s that Klenow cannot
clliciently utilize templates which have homopolymer tracts
or regions of high secondary structure. The problems caused
by secondary structure in the template can be reduced by
running the polymernization reaction at 55° C. (Gomer and
Firtel, 1985).

Improvements to the original Sanger method include the
use ol polymerases other than the Klenow Iragment.
Reverse transcriptase has been used to sequence templates
that have homopolymeric tracts (Karanthanasis, 1982; Gra-
ham et al., 1986). Reverse transciptase 1s somewhat better
than the Klenow enzyme at utilizing templates containing
homopolymer tracts.

The use of a modified T7 DNA polymerase (Sequenase™)
was a significant improvement to the Sanger method (Sam-
brook et al., 1989; Hunkapiller, 1991). T7 DNA polymerase
does not have any inherent 5'-3' exonuclease activity and has
a reduced selectivity against incorporation of ddNTP. How-
ever, the 3'-5' exonuclease activity leads to degradation of
some of the oligonucleotide primers. Sequenase™ 1s a
chemically-modified T7 DNA polymerase that has reduced
3' to 5' exonuclease activity (Tabor et al., 1987). Seque-
nase™ version 2.0 1s a genetically engineered form of the T7
polymerase which completely lacks 3' to 5' exonuclease
activity. Sequenase™ has a very high processivity and high
rate of polymerization. It can efliciently incorporate nucle-
otide analogs such as dITP and 7-deaza-dGTP which are
used to resolve regions of compression in sequencing gels.
In regions of DNA containing a high G+C content, Hoogs-
teen bond formation can occur which leads to compressions
in the DNA. These compressions result in aberrant migration
patterns ol oligonucleotide strands on sequencing gels.
Because these base analogs pair weakly with conventional
nucleotides, intrastrand secondary structures during electro-
phoresis are alleviated. In contrast, Klenow does not incor-
porate these analogs as efliciently.

The use of Tag DNA polymerase and mutants thereof 1s
a more recent addition to the improvements of the Sanger

method (U.S. Pat. No. 5,075,216). Taq polymerase 1s a
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thermostable enzyme which works efliciently at 70-75° C.
The ability to catalyze DNA synthesis at elevated tempera-
ture makes Taq polymerase useful for sequencing templates
which have extensive secondary structures at 37° C. (the
standard temperature used for Klenow and Sequenase™
reactions). Taq polymerase, like Sequenase™, has a high
degree of processivity and like Sequenase 2.0, 1t lacks 3' to
S' nuclease activity. The thermal stability of Taq and related
enzymes (such as Tth and Thermosequenase™) provides an
advantage over T7 polymerase (and all mutants thereof) 1n
that these thermally stable enzymes can be used for cycle
sequencing which amplifies the DNA during the sequencing
reaction, thus allowing sequencing to be performed on
smaller amounts of DNA. Optimization of the use of Tag 1n
the standard Sanger method has focused on modifying Taq
to eliminate the intrinsic 5'-3' exonuclease activity and to
increase 1its ability to incorporate ddNTPs (EP 0 655 306
B1).

Both the Sanger and the Maxim-Gilbert methods produce
populations of radiolabelled or fluorescently labeled poly-
nucleotides of differing lengths which are separated accord-
ing to size by polyacrylamide gel electrophoresis (PAGE).
The nucleotide sequence i1s determined by analyzing the
pattern of size-separated radiolabelled polynucleotides in
the gel. The Maxim-Gilbert method nvolves degrading
DNA at a specific base using chemical reagents. The DNA
strands terminating at a particular base are denatured and
clectrophoresed to determine the positions of the particular
base. By combining the information from fragments termi-
nating at diflerent bases or combinations of bases the entire
DNA sequence can be reconstructed. However, the Maxim-
Gilbert method 1mnvolves dangerous chemicals, and 1s time-
and labor-intensive. Thus, 1t 1s no longer used for most
applications.

The current limitations to conventional applications of the
Sanger method include 1) the limited resolving power of
polyacrylamide gel electrophoresis, 2) the formation of
intermolecular and intramolecular secondary structure of the
denatured template 1n the reaction mixture, which can cause
any of the polymerases to prematurely terminate synthesis at
specific sites or misincorporate ddNTPs at inappropriate
sites, 3) secondary structure of the DNA on the sequencing
gels can give rise to compressions of the electrophoretic
ladder at specific locations in the sequence, 4) cleavage of
the template, primers and products with the 5'-3' or 3'-5'
exonuclease activities 1 the polymerases, and 5) misprim-
ing of synthesis due to hybridization of the oligonucleotide
primers to multiple sites on the denatured template DNA.
The formation of intermolecular and intramolecular second-
ary structure produces artificial terminations that are incor-
rectly “read” as the wrong base, gives rise to bands across
four lanes (BAFLs) that produce ambiguities 1n base read-
ing, and decrease the itensity and thus signal-to-noise ratio
of the bands. Secondary structure of the DNA on the gels can
largely be solved by incorporation of dI'TP or 7-deaza-dGTP
into the synthesized DNA; DNA containing such modified
NTPs 1s less likely to form urea-resistant secondary structure
during electrophoresis. Cleavage of the template, primers or
products leads to reduction in intensity of bands terminating,
at the correct positions and increase the background.
Mispriming gives rise to background in the gel lanes.

The net result 1s that, although the inherent resolution of
polyacrylamide gel electrophoresis alone 1s as much as 1000
nucleotides, 1t 1s common to only be able to correctly read
400-600 nucleotides of a sequence (and sometimes much
less) using the conventional Sanger Method, even when
using optimized polymerase design and reaction conditions.
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Some sequences such as repetitive DNA, strings of 1dentical
bases (especially guanines, GC-rich sequences and many
unique sequences) cannot be sequenced without a high
degree of error or uncertainty.

In the absence of any methods to consistently sequence
DNA longer than about 1000 bases, investigators must
subclone the DNA into small fragments and sequence these
small fragments. The procedures for doing this in a logical
way are very labor itensive, cannot be automated, and are
therefore impractical. The most popular technique for large-
scale sequencing, the “shotgun” method, involves cloning
and sequencing of hundreds or thousands of overlapping
DNA fragments. Many of these methods are automated, but
require sequencing 5-10 times as many bases as minimally
necessary, leave gaps 1n the sequence information that must
be filled 1 manually, and have difliculty determining
sequences with repetitive DNA.

Thus, the goal of placing rapid sequencing techniques and
improved mapping techniques n the hands of many
researchers 1s yet to be achieved. New approaches are
needed that eliminate the above-described limitations.

SUMMARY OF THE INVENTION

The present invention overcomes these and other draw-
backs inherent in the prior art by providing methods and
compositions for the analysis of nucleic acids, in particular
for sequencing and mapping nucleic acids using double-
stranded strand replacement reactions. These methods result
In accurate sequencing reactions, i certain aspects due to
very short extension reactions, and thus produce more usetul
sequence data from large templates, which overcome the
problems 1inherent 1n single-stranded sequencing techniques.
The present mvention also provides new and poweriul
techniques for analyzing telomere length, telomere and
subtelomeric sequence nformation, and quantitating the
length and number of single-stranded overhangs present 1n
telomeres.

First provided are methods of creating or selecting one or
more nucleic acid products that terminate with at least a first
selected base. These terminated nucleic acid products and
populations thereof may be used mm a wide variety of
embodiments, including, but not limited to, nucleic acid
sequencing, nucleic acid mapping, and telomere analysis.

The methods of creating one or more nucleic acid prod-
ucts that terminate with at least a first selected base generally
comprise contacting at least a first substantially double
stranded nucleic acid template comprising at least a first
break on at least one strand with at least a first effective
polymerase and a terminating composition comprising at
least a first terminating nucleotide, the base of which cor-
responds to the selected base, under conditions effective to
produce a nucleic acid product terminated at the selected
base.

The methods may first involve the synthesis, construction,
creation or generation of the substantially double stranded
nucleic acid template that comprises at least a first break on
at least one strand. In which case, “contacting” the template
with the eflective polymerase and terminating composition
forms the second part of the method.

The term “template,” as used herein, refers to a nucleic
acid that 1s to be acted upon, generally nucleic acid that 1s
to be contacted or admixed with at least a first eflective
polymerase and at least a first nucleotide substrate compo-
sition under conditions eflective to allow the incorporation
of at least one more nucleotide or base 1nto the nucleic acid
to form a nucleic acid product. In many embodiments of the
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present invention, the nucleic acid product generated 1s a
nucleic acid product that terminates with at least a first
selected base. In some cases “template” means the target
nucleic acids intended to be separated or sorted out from
other nucleic acid sequences within a mixed population.

“Substantially or essentially double stranded” nucleic
acids or nucleic acid templates, as used herein, are generally
nucleic acids that are double-stranded except for a propor-
tionately small area or length of their overall sequence or
length. The “proportionately small area™ 1s an area lacking
double stranded sequence integrity. The “proportionately
small area lacking double stranded sequence integrity” may
be as small as a single broken bond 1n only one strand of the
nucleic acid, 1.e., a break or “nick” within the double
stranded nucleic acid molecule.

The “proportionately small area lacking double stranded
sequence tegrity” may also be a gap produced within the
double stranded nucleic acid molecule by excision or
removal of at least one base or nucleotide. In these cases, the
“substantially double stranded nucleic acids” may be
described as being double-stranded except for a proportion-
ately small area of single-stranded nucleic acid. “Propor-
tionately small areas of single-stranded nucleic acids™ are
those corresponding to single-stranded areas, stretches or
lengths of one, two, three, four, five, six, seven, eight, nine
or about ten bases or nucleotides, as may be produced by
creating a gap within the double stranded nucleic acid
molecule by excision or removal of one, two, three, four,
five, s1X, seven, eight, nine or about ten bases or nucleotides.

In certain aspects of the invention, larger “proportionately
small areas of single-stranded nucleic acids™ are preferred,

for example those corresponding to single-stranded areas,
stretches or lengths of 11, 12, 13, 14, 15, 16, 17, 18, 19, 20,

21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36,
37,38, 39,40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51, 32,
33, 54, 55, 56, 57, 38, 39, 60, 61, 62, 63, 64, 65, 66, 67, 68,
69, 70,71, 72,73, 74, 75,76, 77, 78,79, 80, 81, 82, 83, 84,
85, 86, 87, 88, 89, 90, 91, 92, 93, 94, 95, 96, 97, 98, 99, or
about 100 bases or nucleotides, as may be produced by
creating a gap within the double stranded nucleic acid
molecule by excision or removal of 11, 12, 13, 14, 15, 16,
17,18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32,
33, 34, 35,36, 37, 38, 39,40, 41, 42, 43, 44, 45, 46, 47, 48,
49, 50, 31, 52, 53, 54, 55, 56, 57, 58, 39, 60, 61, 62, 63, 64,
65, 66, 67, 68, 69, 70, 71,72,73,74,°75,76,71, 78, 79, 80,
81, 82, 83, 84, 85, 86, 87, 88, 89, 90, 91, 92, 93, 94, 93, 96,
97, 98, 99, or about 100 bases or nucleotides. In particular
embodiments, even larger gaps may be created.

The “proportionately small area of single-stranded
nucleic acid” within a substantially double stranded nucleic
acid may occur at any point within the substantially double
stranded nucleic acid molecule or template, 1.e., 1t may be
terminal or mtegral. ““Terminal portions of single-stranded
nucleic acid” within a substantially double stranded nucleic
acid are generally “overhangs”. Such “overhangs” may be
naturally occurring overhangs, such as the area defined at the
ends of telomeric DNA. “Overhangs” may also be engi-
neered, 1.e., created by the hand of man, using one or more
of the techniques described herein and known to those of
skill 1n the art. “Integral portions of single-stranded nucleic
acid” within substantially double stranded nucleic acids, as
used herein, will generally be engineered by the hand of
man, again using one or more of the techniques described
herein and known to those of skill in the art.

The term “double stranded”, as applied to nucleic acids
and nucleic acid templates, 1s generally reserved for nucleic
acids that are completely double-stranded and that have no
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break, gap or single-stranded region. This allows “substan-
tially double stranded” to be generally reserved for broken,
nicked and/or gapped substantially double stranded nucleic
acids and templates and substantially double stranded
nucleic acids and templates that comprise at least a first
single-stranded nucleic acid overhang.

The templates for use in the mvention may be in virtually
any form, including covalently closed circular templates and
linear templates. Both “native or natural” and “recombinant™
nucleic acids and nucleic acid templates may be employed.
“Recombinant nucleic acids”, as used herein, are generally
nucleic acids that are comprised of segments of nucleic acids
jomed together by means of molecular biological tech-
niques, 1.e., by the hand of man. Although the nucleic acids
for use 1n the methods will generally have been subjected to
at least some 1solation, and are thus not free from mans’
intervention, “native and natural” nucleic acids and nucleic
acid templates are intended to mean nucleic acids that have
undergone less molecular biological manipulation and more
correspond to the genomic DNA or fractions or fragments
thereof.

The templates may also be derived from any initial
nucleic acid molecule, sample or source including, but not
limited to, cloning vectors, viruses, plasmids cosmids, yeast
artificial chromosomes (YACs), bacterial artificial chromo-
somes (BACs) and chromosomal and extrachromosomal
nucleic acids 1solated from eukaryotic organisms, including,
but not limited to, yeast, Drosophila and mammals, includ-
ing, but not limited to, mice, rabbits, sheep, rats, goats,
cattle, pi1gs, and primates such as humans, chimpanzees and
apes.

In certain embodiments, the template may be created by
cleavage from a precursor nucleic acid molecule. This
generally involves treatment of the precursor molecule with
enzymes that specifically cleave the nucleic acid at specific
locations. Examples of such enzymes include, but are not
limited to, restriction endonucleases, intron-encoded endo-
nucleases, and DNA-based cleavage methods, such as tri-
plex and hybrid formation methods, that rely on the specific
hybridization of a nucleic acid segment to localize a cleav-
age agent to a specific location 1n the nucleic acid molecule.

In other embodiments, the template may be created by
amplifving the template from a precursor nucleic acid mol-
ecule or sample. The amplified templates generally include
a region to be analyzed, 1. €. sequenced, and can be relatively
small, or quite large 1n various embodiments.

In general, “amplification” may be considered as a par-
ticular example of nucleic acid replication mvolving tem-
plate specificity. Amplification may be contrasted with non-
specific template replication, 1.e., replication that 1s
template-dependent but not dependent on a specific tem-
plate. “Template specificity” 1s here distinguished from
fidelity of replication, 1.e., synthesis of the proper polynucle-
otide sequence, and nucleotide (ribo- or deoxyribo-) speci-
ficity. “Template specificity” 1s frequently described in terms
of “target” specificity. Target sequences are “targets’™ in the
sense that they are desired to be separated or sorted out from
other nucleic acids. Amplification techniques have been
designed primarily for this “sorting out”.

Amplification reactions generally require an 1nitial
nucleic acid sample or template, appropriate primers, an
amplification enzyme and amplification reagents, such as
deoxyribonucleotide triphosphates, buflers, and the like. In
the sense of this application, a template for amplification (or
“an amplification template™) refers to an 1nitial nucleic acid
sample or template, and does not refer to the “substantially
double stranded nucleic acid template comprising at least a
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first break on at least one strand”. Therefore, as used herein,
“an amplification template™ 1s a “pre-template”.

As used herein, the terms “amplifiable and amplified
nucleic acids™ are used 1n reference to any nucleic acid that
may be amplified, or that has been amplified, by any
amplification method including, but not limited to, PCR™,
LCR, and 1sothermal amplification methods. Thus, the “sub-
stantially double stranded nucleic acid templates that com-
prise at least a first break on at least one strand” may be
amplified nucleic acids or amplified nucleic acid products as
well as templates for the methods of the invention.

Widely used methods for amplifying nucleic acids are
those that involve temperature cycling amplification, such as
PCR™, [sothermal amplification methods such as strand
displacement amplification are also routinely employed to
amplily nucleic acids. All such amplification methods are
appropriate to amplity “templates” for use 1n the mvention
from precursor nucleic acids or “pre-templates”.

As used herein, the term “PCR™” (*polymerase chain
reaction”) generally refers to methods for increasing the
concentration of a segment of a template sequence 1 a
mixture of genomic DNA without cloning or purification, as
described 1n U.S. Pat. No. 4,683,195 and U.S. Pat. No.
4,683,202, each mcorporated herein by reference. The pro-
cess generally comprises introducing at least two oligo-
nucleotide primers to a DNA mixture contaming the desired
template sequence, followed by a sequence of “thermal
cycling” 1n the presence of a suitable DNA polymerase. The
two primers are complementary to their respective strands of
the double stranded template sequence. To effect amplifica-
tion, the mixture 1s denatured and the primers then annealed
to their complementary sequences within the template mol-
ecule. Following annealing, the primers are extended with a
polymerase so as to form a new pair of complementary
strands.

In PCR, the steps of denaturation, primer annealing and
polymerase extension are generally repeated many times,
such that “denaturation, annealing and extension™ constitute
one “cycle”. Thus, “thermal cycling” means the execution of
numerous “cycles” to obtain a high concentration of an
amplified segment of the desired template sequence. As the
desired amplified segments of the template sequence
become the predominant sequences in the mixture, 1n terms
ol concentration, they are said to be “PCR™ amplified”.

As used herein, the terms “PCR™ product”, “PCR™
fragment” and “amplification product” refer to the resultant
mixture of compounds after two or more cycles of the
PCR™ steps of denaturation, annealing and extension are
complete. These terms encompass the case where there has
been amplification of one or more segments of one or more
target sequences. .

PCR™ products and fragments” can
naturally act as the broken, nicked or gapped substantially
double stranded nucleic acid templates for use 1n the mnven-
tion.

Once a suitable or desired nucleic acid precursor, pre-
template or sample composition has been obtained, a wide
variety ol substantially double stranded nucleic acid tem-
plates may be created for use 1n the claimed methods. In
certain embodiments, even double stranded nucleic acid
templates may be generated that comprise at least a first
break substantially at the same position on both strands of
the template. The most evident utility of this aspect of the
invention 1s 1 producing nucleic acid fragments of a man-
ageable size for further analysis, wherein such fragmenta-
tion 1s required.

In certain of the preferred sequencing and mapping
embodiments, the substantially double stranded nucleic acid
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template will comprise at least a first break on only one of
the two strands. This 1s advantageous 1n that the product or
products are generated from the same strand, leading to
more direct and rapid analysis. In certain of the sequencing
and mapping aspects of the invention, having the strand
replacement start at a defined point on one strand 1s advan-
tageous, particularly where analysis of the size of the
products of the reaction, particularly the differential size of
a population of products, 1s necessary.

However, 1n a most general sense, creating a break on
only one strand operably means that only one break is
present in the region or target region of the individual
nucleic acid molecule being analyzed or utilized. The target
region 1s defined as a region of suilicient length to yield
useful information and yet to allow the required volume of
data to be generated 1n relation to the original nucleic acid
subjected to the analysis. Thus, breaks at a distant region of
the same nucleic acid molecule, outside of the target region,
or breaks in the same general target region of a population
of nucleic acid molecules, can exist and yet the target will
still be considered to contain a “functional break™ on only
one strand.

In any event, 1n most aspects of the invention, the pres-
ence of additional breaks or nicks 1s not a drawback, so long
as a 3' hydroxyl group can be generated 1n the presence of
a template strand that can support the incorporation of at
least one complementary base. The presence of multiple
breaks on both strands 1s either useful, as one can initiate
synthesis at a plurality of points as only the “first-encoun-
tered” break forms the functional break for extension and/or
termination, or non-functional, and thus irrelevant, 1n most
aspects of the mvention. For example, although synthesis
products may be produced from breaks on both strands,
utilizing the labeling techmiques in conjunction with the
1solation or immobilization techniques as disclosed herein
products from only one strand and closest to the detectable
label are detected in the final analysis step, thus eliminating
the requirement for a break on only one strand 1n the most
rigid sense.

In general, the complexity of the nicking or breaking
reaction 1s directly correlated with the complexity of the
labeling and/or 1solation or immobilization procedures. In
aspects wherein a nick or break 1s generated at a single
position 1n a population of identical templates, only a single
detectable label 1s required to analyze the products of the
extending and/or terminating reaction. The presence of
additional breaks or nicks 1s made most useful when
employed with additional labels and/or the 1solation of a
subset of the nucleic acid products prior to analysis.

Although by no means limiting, in substantially double
stranded nucleic acid templates that comprise at least a first
integral break or gap on only one strand, it 1s convenient to
identify the intact or “unbroken™ strand as the “template
strand”, and the strand that comprises at least a first integral
break or gap as the “non-template strand”. In those methods
of the invention that encompass sequencing, the template
strand will generally act as the guideline for the incorpora-
tion of one or more complementary bases or nucleotides nto
the “non-template strand”, which 1s herein defined as the
“extension ol the non-template strand™.

The “extension” of the non-template strand may be an
extension by a single base or nucleotide only, in which case
the “extension” 1s inherently an “extension and termina-
tion”. The single base or nucleotide incorporated into the
non-template strand 1s thus a “terminating base or nucle-
otide”. This allows the broken, nicked or gapped strand to
also be referred to as “the terminated strand”.
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Alternatively, the “extension” of the non-template strand
may be an extension by two, three or more, or a plurality of,
bases or nucleotides, and/or an extension to create a popu-
lation of extended non-template strands each including a
different number of incorporated bases or nucleotides. In
these cases, “termination” 1s not co-extensive with “exten-
sion”’, and termination may even be delayed until after the
incorporation ol a significant number of “extending” bases
or nucleotides. Thus, the broken, nicked or gapped strand
that formed the starting point for the two, three or multiple
base extension may also be termed “the synthesized strand”.

In contrast, in substantially double stranded nucleic acid
templates that comprise a terminal single-stranded portion or
“overhang”, 1t may be more convenient to identily the
single-stranded overhang portion as the template strand.
This 1s essentially because the art uses an existing “hybrid-
1zable” nucleic acid portion as a “template”, e.g., 1n the sense
that a sufliciently complementary probe or primer can
hybridize to the template.

As used herein, the term “probe” refers to an oligonucle-
otide, 1.e., a contiguous sequence ol nucleotides, whether
occurring naturally as in a purified restriction digest or
produced synthetically, recombinantly or by PCR™ ampli-
fication, that i1s capable of hybridizing to a nucleic acid of
interest or portion thereof. Although probes may be single-
stranded or double-stranded, the hybridizing probe
described above in reference to binding to a nucleic acid
overhang will generally be single-stranded. Probes are often
labeled with a detectable label or “reporter molecule” that 1s
detectable 1n a detection system, including, but not limited
to fluorescent, enzyme (e.g., ELISA), radioactive, and lumi-
nescent systems.

The term “primer”, as used herein refers to an oligonucle-
otide, whether occurring naturally as 1n a punied restriction
digest or produced synthetically, that 1s capable of acting as
a point of mitiation of nucleic acid synthesis when placed
under conditions in which the synthesis of a primer exten-
s1ion product that 1s complementary to a nucleic acid strand
of interest 1s induced, e.g., 1n the presence of nucleotides and
an inducing agent such as DNA polymerase and at a suitable
temperature and pH. A primer must be sufliciently long to
prime the synthesis of extension products 1n the presence of
the mmducing agent The exact length of an effective primer
depends on factors such as temperature of extension, source
of primer and the particular extension method. Primers are
preferably single stranded for maximum ethiciency 1n ampli-
fication (but may be double stranded 1f first treated to
separate the strands before use 1n preparing extension prod-
ucts). Primers are often preferably oligodeoxyribonucle-
otides.

The mvention further provides various methods for gen-
crating the substantially double stranded, broken nucleic
acid templates. Certain of the template-generation methods
are generic to the creation of various types of template
sought. For example, methods are disclosed that are capable
of creating substantially double stranded nucleic acid tem-
plates 1n which either only one or both of the template
strands are broken. Equally, distinct methods are provided
for creating substantially double stranded nucleic acid tem-
plates 1n which both template strands are broken versus
those for creating substantially double stranded nucleic acid
templates 1 which only one of the template strands i1s
broken.

Enzymatic methods are provided that are umversally
applicable to creating substantially double stranded nucleic
acid templates 1n which either only one or both of the
template strands are broken. Such methods generally com-
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prise creating the template by contacting a double-stranded
or substantially double-stranded nucleic acid with a com-
bined eflective amount of at least a first and second breaking
enzyme combination. A “combined eflective amount of at
least a first and second breaking enzyme combination™ 1s a
combined amount of at least a first and second enzyme
cllective to create a substantially double stranded nucleic
acid template 1n which either only one or both of the
template strands comprise at least a first break.

Examples of broadly eflective “enzymatic breaking com-
binations™ are uracil DNA glycosylase in combination with
an eflectively matched endonuclease, such as endonuclease
IV or endonuclease V. In light of the present disclosure,
those of ordinary skill 1n the art will understand that the use
of a uracil DNA glycosylase-endonuclease combination 1s
predicated on the prior incorporation of at least a first uracil
base or residue into the nucleic acid molecule that 1s to form
the template.

Accordingly, 1n certain embodiments, the mvention pro-
vides for the creation of a template by generating a double-
stranded or substantially double-stranded nucleic acid mol-
ecule comprising at least a first uracil base or residue and
contacting the uracil-containing nucleic acid molecule with
a combined effective amount of a first, uracil DNA glyco-
sylase enzyme and a second, endonuclease IV enzyme or
endonuclease V enzyme. The use of endonuclease V 1n the
combination 1s generally preferred. A “combined eflective
amount of a first, uracil DNA glycosylase enzyme and a
second, endonuclease IV or V enzyme” 1s a combined
amount of the enzymes eflective to create a substantially
double stranded nucleic acid template comprising at least a
first gap corresponding in position to the position of the at
least a first uracil base or residue incorporated into the
uracil-containing nucleic acid molecule.

The incorporation of at least a first uracil base or residue
into a double-stranded or substantially double-stranded
nucleic acid molecule 1s generally achieved by incorporation
of a dUTP residue in the nucleic acid synthesis reaction. In
certain aspects of the imnvention 1t 1s desired to icorporate a
single uracil base or residue 1nto a specific location near the
5" end of the nucleic acid template. In a general sense, this
may be accomplished by methods comprising contacting a
precursor molecule with at least a first and a second primer
that amplity the template when used 1n conjunction with a
polymerase chain reaction, wherein at least one of the first
or second primers comprises at least a first uracil base, and
conducting a polymerase chain reaction to create an ampli-
fied template containing a single uracil residue correspond-
ing to the location of the uracil base in the uracil-containing
primer. In certain aspects, both primers contain uracil, to
produce an amplified template that contains a uracil residue
near the 5' end of both strands. In other embodiments, dUTP
will be used in the synthesis of the template strand, thus
incorporating multiple uracil residues into the template.

Incorporation of at least a first uracil base or residue only
into one of the strands of the nucleic acid molecule allows
for the subsequent generation of a substantially double
stranded nucleic acid template 1n which only one of the
template strands 1s broken, whereas incorporation of at least
a first uracil base or residue nto each of the strands of the
nucleic acid molecule allows for the subsequent generation
ol a substantially double stranded nucleic acid template 1n
which both of the template strands are broken.

Certain chemical cleavage compositions are also appro-
priate for creating substantially double stranded nucleic acid
templates 1n which either only one or both of the template
strands are broken. Such methods generally comprise cre-
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ating the template by contacting a double-stranded or sub-
stantially double-stranded nucleic acid with an eflective
amount of an appropriate chemically-based nucleic acid
cleavage composition. An “effective amount of an appro-
priate chemically-based nucleic acid cleavage composition”™
1s an amount of the composition eflective to create a
substantially double stranded nucleic acid template 1n which

either only one or both of the template strands comprise at
least a first break.

In yet further embodiments, substantially double stranded
nucleic acid templates 1n which either only one or both of the
template strands are broken may be created by contacting a
substantially double-stranded nucleic acid with an effective
amount of at least a first appropriate nuclease enzyme. An
“effective amount ol at least a first appropriate nuclease
enzyme” 1s an amount of the nuclease enzyme eflective to
create a substantially double stranded nucleic acid template
in which either only one or both of the template strands

comprise at least a first break.

In different embodiments, the invention provides methods
for making and using substantially double stranded nucleic
acid templates 1n which the one or more breaks or gaps are
either located at a specific point or points along the nucleic
acid template, or in which the one or more breaks or gaps are
located at a random location or locations along the nucleic
acid template. These may be referred to as “specifically
broken, nicked or gapped templates” and “randomly broken,
nicked or gapped templates™, respectively. The methods for
generating the specifically and randomly manipulated tem-
plates are generally different 1n principle and execution,
although both nucleases and non-nuclease-based chemical
or biological components may be used 1n various of the
methods.

In certain embodiments, a substantially double stranded
nucleic acid template comprising at least a first break or gap
at a specific point on at least one strand of the template 1s
created by contacting a double stranded or substantially
double-stranded nucleic acid with an eflective amount of at
least a first specific nuclease enzyme. Exemplary specific
nuclease enzymes are 1l endonuclease, 1d endonuclease or a
restriction endonuclease. A preferred specific nuclease
enzyme 1s 1l endonuclease. An “eflective amount of at least
a lirst specific nuclease enzyme” 1s an amount ol the
nuclease enzyme eflective to create a substantially double
stranded nucleic acid template that comprises at least a first
break or gap at a specific point on at least one strand of the
template.

In other embodiments, the specific-type template 1s cre-
ated by contacting a double-stranded or substantially
double-stranded nucleic acid with an effective amount of an
appropriate specific chemical cleavage composition. An
exemplary embodiment 1s wherein the specific chemical
cleavage composition comprises a nucleic acid segment,
such as a hybnid or triple helix forming composition, that 1s
linked to a metal 10n chelating agent The chelating agent
binds a metal 10n, and 1n the presence of a peroxide and a
reducing agent, produces a hydroxyl radical that can nick or
break a nucleic acid. The specificity of the cleavage 1s
provided from the nucleic acid segment, which only hybrid-
1zes to or forms a triple helix at a specific location 1n the
nucleic acid molecule to be broken or nicked. In certain
cases, the hydroxyl radicals produced can diffuse, and thus
a small region 1s broken or nicked, producing a gap. An
“effective amount of at least a first specific chemical cleav-
age or triple helix-forming composition™ 1s an amount of the
composition eflective to create a substantially double
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stranded nucleic acid template that comprises at least a first
break or gap at a specific point on at least one strand of the
template.

For use 1n certain embodiments, particularly the random
break incorporation and random break degradation sequenc-
ing embodiments, the creation of a substantially double
stranded nucleic acid template comprising at least a first
random break or gap on at least one strand will be preferred.
Templates with one or more breaks or nicks located at one
or more random points or locations along the nucleic acid
template are termed “randomly micked templates”. Suitable
processes for creating such randomly nicked templates, or
populations thereof, are collectively termed “random nick-
ng”’.

“Random nicking” generally refers to a process or pro-
cesses ellective to generate a substantially double stranded
nucleic acid template that comprises at least a first broken
bond located at at least a first random position within the
sugar-phosphate backbone of at least one of the two strands
of the nucleic acid template. As used herein, a “randomly
nicked template” 1s imntended to mean “at least a randomly
nicked template”. This signifies that at least one randomly-
located broken bond 1s present, which broken bond may
form the starting point or “substrate” for further manipula-
tions, €.g., to convert the nick into a gap.

A process of random nicking that creates at least a first
randomly positioned broken bond 1n a strand of the template
may then be extended to create a gap at that random point
or position by excising at least the first base or nucleotide
proximal to the broken bond. This then becomes a process
of “random gapping” ellective to prepare a “random gap
template”, or a population thereof, comprising one or more
gaps ol at least a nucleotide 1n length positioned randomly
within the nucleic acid template.

In certain embodiments, particularly certain mapping and
sequencing aspects, the creation of a substantially double
stranded nucleic acid template comprising at least a first
random break or gap on only one strand will be preferred.
This 1s generally for ease of analysis of the information
generated from a strand replacement reaction, but also has
advantages as detailed above.

Suitable methods that may be adapted to create a sub-
stantially double stranded nucleic acid template comprising
at least a first random break or gap on at least one, or only
one, strand are provided herein. The optimization of the
random micking methods to mono-stranded or dual-stranded
nicking 1s generally based upon the correlation between the
breaking or nicking agent, enzyme, chemical or composition
and the time and conditions used to produce the break or
nick. Agents that produce a given break or nick under one set
of conditions, can produce a completely different break
under different conditions. For example, a breaking or
nicking agent that produces a single break or nick under one
reaction condition, can in certain embodiments produce a
plurality of breaks or nicks under a second, distinct reaction
condition. Thus, the double stranded nucleic acid template
comprising at least a first random break or gap on at least
one, or only one, strand that 1s produced depends not only on
the breaking or nicking agent used, but the conditions used
to conduct the breaking or micking reaction.

In one embodiment, the at least randomly nicked template
1s created by generating a double-stranded or substantially
double-stranded nucleic acid comprising at least a first
randomly positioned exonuclease-resistant nucleotide, and
contacting the nucleic acid with an eflective amount of an
exonuclease. Exemplary exonuclease-resistant nucleotides
include, but are not limited to deoxyribonucleotide phos-
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phorothioates and deoxyribonucleotide boranophosphates.
The preferred eflectively matched exonuclease 1s exonu-
clease III. In these embodiments, an “effective amount of an
exonuclease” 1s an amount of the exonuclease eflective to
degrade the strand containing the exonuclease-resistant base
to the position of the resistant base.

The incorporation of at least a first randomly positioned
exonuclease-resistant nucleotide mto a double-stranded or
substantially double-stranded nucleic acid molecule 1s gen-
crally achieved by utilizing extendable deoxynucleotides
comprising the exonuclease-resistant feature during the syn-
thesis of the nucleic acid precursor or template. The amount
ol exonuclease-resistant incorporated into the nucleic acid
template can be controlled by adjusting the ratio of the
extendable deoxynucleotides with and without the exonu-
clease-resistant feature used in the synthesis reaction.

In alternate aspects of the present invention, the at least
randomly nicked template 1s created by contacting a double-
stranded or substantially double-stranded nucleic acid with
an eflective amount of at least a first randomly-nicking or
-breaking nuclease enzyme. Exemplary randomly-breaking
nuclease enzymes are deoxyribonuclease I and Cvill restric-
tion endonuclease. An “effective amount of at least a first
randomly-nicking or -breaking nuclease enzyme” 1s an
amount of the nuclease enzyme eflective to create a sub-
stantially double stranded nucleic acid template 1n which
cither only one or both of the template strands comprise at
least a first randomly located broken bond within the tem-
plate backbone.

In yet a further aspect of the invention, the at least
randomly nicked template 1s created by contacting a double-
stranded or substantially double-stranded nucleic acid with
a combined eflective amount of at least a first and second
randomly-breaking nuclease enzyme combination. Exem-
plary randomly-breaking enzymes for use as the first or

second nuclease enzymes are the frequent-cutting restriction
endonucleases TspS091, Maell, Tail, Alul, CviJl, Nlalll,

Mspl, Hpall, BstUI, Bfal, Dpnll, Mbol, Sau3Al, Dpnl,
Chal, HinPI, Hhal, Haelll, Csp6l, Rsal, Tagl and Msel,
which may be used 1n any combination.

A “combined eflective amount of at least a first and
second randomly-breaking nuclease enzyme combination or
frequent-cutting restriction endonuclease combination™ 1s a
combined amount of the nuclease enzymes eflective to
create a substantially double stranded nucleic acid template
in which either only one or both of the template strands
comprise at least a first randomly located broken bond
within the template backbone.

A B 4 4

As used herein, the terms ‘“nucleases”, “restriction endo-
nucleases” and “restriction enzymes” refer to enzymes,
generally bacterial enzymes, that cut nucleic acids. Mostly,
the enzymes cut nucleic acids at or near specific nucleotide
sequences, but certain enzymes, such as DNAase I, produce
essentially random cuts or breaks.

Further embodiments of randomly-nicked template cre-
ation rely on contacting a double-stranded or substantially
double-stranded nucleic acid with an eflective amount of a
randomly-nicking or -breaking chemical cleavage composi-
tion.

Throughout the variety of randomly-nicking or -breaking
chemical cleavage compositions that may be employed, an
“effective amount” 1s an amount of the chemical cleavage
composition ellective to create a substantially double
stranded nucleic acid template 1n which either only one or
both of the template strands comprise at least a first ran-

domly located broken bond within the template backbone.
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In preferred embodiments, the random chemical cleavage
compositions will comprise or react to produce a hydroxyl
radical. Certain suitable randomly-breaking chemical cleav-
age compositions comprise a chelating agent, a metal 1on, a
reducing agent and a peroxide, as exemplified by composi-
tions that comprise EDTA, an Fe* ion, sodium ascorbate
and hydrogen peroxide. In other embodiments, the ran-
domly-breaking chemical cleavage composition comprises a
compound, generally a dye, that produces a hydroxyl radical
upon contact with a defined or specified wavelength(s) of
light.

Randomly-nicked templates may also be created by eflec-
tively irradiating with gamma 1rradiation, 1.e., by contacting
a double-stranded or substantially double-stranded nucleic
acid with an effective amount of gamma irradiation.

Effective application of one or more mechanical breaking
processes may also be employed to create the randomly
broken or nicked templates. Exemplary mechanical breaking
processes include subjecting double-stranded or substan-
tially double-stranded nucleic acids to effective amounts of:
hydrodynamic forces, sonication, nebulization and/or freez-
ing and thawing.

In the methods of creating nucleic acid products that
terminate with at least a first selected base, the at least nicked
nucleic acid template 1s contacted with at least a first
cllective polymerase and at least a first eflective terminating
composition comprising at least a first terminating nucle-
otide, wherein the base of the terminating nucleotide corre-
sponds to the selected base desired for nucleic acid incor-
poration and termination, “under conditions eflective to
produce a nucleic acid product terminated at the selected
base”.

e

“Under conditions eflective to produce a nucleic acid
product terminated at the selected base” means that the
conditions are eflective to permit at least one round of
nucleotide extension and termination, thus incorporating at
least one additional base or nucleotide (the selected base or
corresponding nucleotide) into the nucleic acid product The
“effective conditions™ are thus “product-generating condi-
tions”, “nucleotide extension and termination-permissive
conditions™ or “at least nucleotide extending and terminating

conditions”.

Fundamental aspects of the “effective, product-generating,
conditions” include conditions permissive or favorable to
the necessary biological reactions, 1.e., appropriate condi-
tions of temperature, pH, 1onic strength, and the like. The
term “under conditions effective to produce a nucleic acid
product terminated at the selected base” also means, 1n and
of 1tsell, “under conditions suitable and for a period of time
ellective to produce a nucleic acid product terminated at the
selected base”.

According to the mntended use(s) of the selected base-
terminated nucleic acid products, or populations thereof, the
“effective, product-generating conditions and times” may
also be termed “eflective nucleic acid sequencing condi-

tions” and/or “eflective nucleic acid mapping conditions”.

The “eflective, product-generating conditions and times”
will vary depending on the type of nucleic acid product or
products that one wishes to generate: e.g., products 1n which
the at least nicked nucleic acid template strand 1s extended
with only a single base or nucleotide; or with only two
selected bases or nucleotides; or with only three selected
bases or nucleotides; or in which the at least nicked nucleic
acid template strand 1s extended with a plurality of bases or
nucleotides; and/or 1n which the at least nicked nucleic acid
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template 1s used to prime the synthesis of a population of
extended nucleic acid strands, each terminated at a diflerent
point

Inherent 1n the term “eflective, product-generating con-
ditions™ 1s the concept that the “at least a first effective
polymerase” will be a polymerase that 1s eflective to gen-
erate the type of nucleic acid product or products desired
under the extending or polymerizing conditions applied
Equally, the “at least a first eflective terminating composi-
tion” will be a terminating composition eflective to generate
the type of terminated nucleic acid product or products
desired under the termination conditions applied.

Also inherent 1n the term “effective, product-generating
conditions™ 1s the concept that the “effective polymerase™ 1s
a polymerase that 1s eflective to act on the precise type of
nick, break or gap in the template under the extending or
polymerizing conditions applied. This means that the poly-
merase has synthetic activity under the chosen conditions,
1.€., the polymerase 1s capable of catalyzing the addition of
the desired type and number of bases or nucleotides using
the nick, break or gap in the template as the “priming
substrate”. The type of nick, break or gap in the template
thus forms an “‘effective matched pair” with the selected
polymerase.

DNA molecules have “3' and 3' ends”, meaning that
mononucleotides have been reacted to make oligonucle-
otides or polynucleotides 1n a manner such that the 3
phosphate of one mononucleotide pentose ring 1s attached to
the 3' oxygen (from the original hydroxyl) of 1ts neighbor in
one direction via a phosphodiester linkage. Therefore, an
end of an oligonucleotide or polynucleotide 1s referred to as
the “5" end” 1f 1ts 5' phosphate 1s not linked to the 3' oxygen
of a mononucleotide pentose ring and as the “3' end” if 1ts
3' oxygen 1s not linked to a 3' phosphate of a subsequent
mononucleotide pentose ring.

As used herein, a nucleic acid sequence, even 1f internal
to a larger oligonucleotide or polynucleotide, may also be
said to have 3' and 3' ends. In either a linear or circular DNA
molecule, discrete elements are referred to as being
“upstream” or 5' of the “downstream™ or 3' elements. This
terminology reflects the fact that transcription proceeds in a
S' to 3' fashion along the DNA strand.

In embodiments where the break in the substantially
double stranded nucleic acid template 1s a nick that com-
prises, or 1s reacted to comprise, a 3' hydroxyl group, the
cllective polymerase will generally either have 5' to 3
exonuclease activity or strand displacement activity, or both.

Effective polymerases in these categories include, for
example, I. coli DNA polymerase 1, Tag DNA polymerase,
S. preumoniae DNA polymerase I, T1l DNA polymerase, D.
radiodurans DNA polymerase I, Tth DNA polymerase, Tth
XL DNA polymerase, M. tuberculosis DNA polymerase 1,
M. thermoautotrophicum DNA polymerase I, Herpes sim-
plex-1 DNA polymerase, £. coli DNA polymerase I Klenow
fragment, vent DNA polymerase, thermosequenase and
wild-type or modified T7 DNA polymerases. In preferred
embodiments, the eflective polymerase will be E. coli DNA
polymerase I, M. tuberculosis DNA polymerase 1 or Taq
DNA polymerase.

Where the break in the substantially double stranded
nucleic acid template 1s a gap of at least a base or nucleotide
in length that comprises, or 1s reacted to comprise, a 3
hydroxyl group, the range of eflective polymerases that may
be used 1s even broader. In such aspects, the eflective
polymerase may be, for example, £. coli DNA polymerase
I, Tag DNA polymerase, S. preumoniae DNA polymerase I,
Tl DNA polymerase, D. radiodurans DNA polymerase 1,
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Tth DNA polymerase, Tth XL DNA polymerase, M. tuber-
culosis DNA polymerase 1, M. thermoautotrophicum DNA
polymerase I, Herpes simplex-1 DNA polymerase, E. coli
DNA polymerase I Klenow fragment, T4 DNA polymerase,
vent DNA polymerase, thermosequenase or a wild-type or
modified T7 DNA polymerase. In preferred aspects, the
cllective polymerase will be E. coli DNA polymerase 1, M.
tuberculosis DNA polymerase I, Tag DNA polymerase or T4
DNA polymerase.

In those embodiments in which either the nicked or
broken template does not 1mitially comprise a 3' hydroxyl
group, such as when the template 1s generated by hydroxyl
radicals (1n certain mnstances) or certain physical or mechani-
cal processes, the nicked template may still be manipulated
or reacted to comprise the desired 3' hydroxyl group. Meth-
ods for achieving this generally involve “conditioning” the
non-3' hydroxyl group containing position. In a preferred
aspect of the mvention, the “conditioning” involves exonu-
clease III treatment to remove the base or position lacking a
3" hydroxyl group, leaving a 3' hydroxyl group as a product
of the removal reaction.

Various methods are also available for terminating the
nucleic acid extension to produce the one or more termi-
nated nucleic acid products. For example, the terminating
composition may simply comprise a terminating dideoxy-
nucleotide triphosphate, the base of which corresponds to
the selected base. Extension with a single base and termi-
nation thus occur simultanecously as the dideoxynucleotide
triphosphate 1n incorporated into the template at the break or
nick, preventing further addition or extension due to the
absence of an available —OH group.

In other embodiments, the terminating composition com-
prises a terminating deoxynucleotide triphosphate, the base
of which corresponds to the selected base. Extension of the
nicked strand with a single type of base and termination with
that base still occur essentially simultaneously as only one
type of deoxynucleotide triphosphate 1s available for 1ncor-
poration into the template at the break or nick (with the
number of bases mcorporated into the nicked strand depend-
ing on the number of complementary bases in the corre-
sponding or template strand), thus preventing further addi-
tion or extension due to the absence of other nucleotides.

Where detection of the nucleic acid product or products 1s
desired, the product or products will preferably comprise a
detectable label or 1solation tag. Inherent 1n the term “under
conditions effective to produce a nucleic acid product ter-
minated at the selected base™ 1s the concept that the “eflec-
tive terminating composition” 1s eflective to incorporate a
detectable label into the nucleic acid product or products
under the terminating conditions applied, should such label-
ing be necessary or preferable for subsequent detection or
execution of related sequencing or mapping techmques. The
type of terminating composition and the type of label or tag
in the nucleic acid product or products thus also form an
“eflective matched pair”.

Accordingly, 1n any of the methods of the invention, the
at least a first terminating nucleotide or nucleotides may
comprise a detectable label or an 1solation tag that 1is
incorporated into the nucleic acid product or products. In
certain aspects, the substantially double stranded nucleic
acid template may comprise a detectable label or 1solation
tag incorporated into the template, and hence into the
subsequent nucleic acid product or products, at a point other
than the termination point. In other aspects, both the tem-
plate and the terminating nucleotide or nucleotides may each
comprise a detectable label or an 1solation tag.
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Preferred aspects of the invention require the detection of
the terminated nucleic acid product or products generated by
the foregoing methods. In certain embodiments, the nucleic
acid product or products will be separated, e.g., by electro-
phoresis, mass spectroscopy, FPLC or HPLC, prior to detec-
tion.

The nucleic acid product or products will generally com-
prise a detectable label, and the nucleic acid product or
products are detected by detecting the label. In certain
aspects, the nucleic acid product or products will comprises
an 1solation tag, and the nucleic acid product or products are
purified using the isolation tag, optionally prior to more
precise detection or differentiation techmiques. Suitable
detectable labels and 1solation tags are exemplified by
radioactive, enzymatic and fluorescent labels; and biotin,
avidin and streptavidin 1solation tags.

Detection 1s generally integral to the use of the invention
in methods for sequencing nucleic acids, wherein the meth-
ods comprise detecting the nucleic acid product or products
under conditions eflective to determine the nucleic acid
sequence of at least a portion of the nucleic acid.

In certain embodiments, the introduction or incorporation
of the at least a first selected base at the break or nick 1n the
template allows for direct nucleic acid sequencing. These
methods generally rely on the generation of a population of
nucleic acid products randomly terminated at four selected
bases, as exemplified by:

a) creating a population of substantially double-stranded
nucleic acid templates from a nucleic acid molecule to
be sequenced, each of the templates comprising at least
a first random break, preferably only on one strand;

b) contacting the population of templates with an effective
polymerase and a terminating composition comprising
four distinct labeled or tagged terminating nucleotides,
under conditions effective to produce a population of
terminated nucleic acid products randomly terminated
at four selected bases;

c) detecting the population of randomly terminated
nucleic acid products under conditions eflfective to
determine the nucleic acid sequence of at least a portion
of the original nucleic acid molecule.

In certain embodiments, the population of templates 1s
contacted with the terminating composition 1 four distinct
reactions, or wells, each of the reactions comprising only
one of the four distinct labeled or tagged terminating nucle-
otides.

In other embodiments, the population of templates 1s
contacted with the terminating composition in a single
reaction, or well, wherein each of the four terminating
nucleotides comprises a distinct, fluorescent label.

In further sequencing embodiments, the introduction or
incorporation of the at least a first selected base at the break
or nick 1n the template acts as a primer for other, non-direct
nucleic acid sequencing methods. An exemplary method 1s
“Sanger”’-based sequencing, originating at the nick or gap 1n
the double-stranded template. Such a method may comprise:

a) creating at least a first substantially double-stranded
nucleic acid template from the nucleic acid molecule to

be sequenced, the template comprising at least a first
random break, preferably only on one strand;

b) contacting the at least a first template with an eflective
polymerase and at least a first extending and terminat-
ing composition comprising four extending deoxy-
nucleotide triphosphates and a labeled or tagged ter-
minating dideoxynucleotide triphosphate, under
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conditions eflective to produce a population of termi-
nated nucleic acid products, each originating from the
random break;

¢) detecting the terminated nucleic acid products under
conditions eflective to determine the nucleic acid
sequence of at least a portion of the original nucleic
acid molecule.

Again, the four terminating bases may comprise distinct
fluorescent labels.

In addition to “Sanger-like” methods, still further analyti-
cal and sequencing methods also require the introduction or
incorporation of at least one further base at the break or gap
in the template 1n addition to the selected base. Thus, a first
and a second selected base may be incorporated; or this may
be described as incorporating a “specified base” 1n addition
to the selected base. Production of a nucleic acid product
comprising at least one specified base prior to termination at
the selected base requires contacting the template with an
cllective polymerase and extending and terminating com-
position, wherein the extending composition comprises the
extending specified base.

These methods may be further defined as methods for
identifying a selected dinucleotide sequence 1n the template
strand of the nucleic acid template, the dinucleotide
sequence being the complement of the specified and selected
base incorporated into the non-template, or synthesized
strand that originally contained the nick or gap. Such meth-
ods comprise:

a) blocking the at least nicked template by contacting the
at least nicked template with a first blocking composi-
tion comprising the three dideoxynucleotide triphos-
phates that do not contain the specified base, to create
a blocked template;

b) removing the first blocking composition from contact
with the blocked template;

¢) contacting the blocked template with at least a first
extending and terminating composition comprising an
extending deoxynucleotide triphosphate containing the
specified base, and a tagged or labeled terminating
dideoxynucleotide triphosphate contaiming the selected
base, under conditions eflective to produce a nucleic
acid product terminating with a dinucleotide sequence
of the specified and selected base; and

d) detecting the nucleic acid product under conditions
cllective to 1dentily the selected dinucleotide sequence
in the template strand of the nucleic acid template.

Defining the selected dinucleotide sequence as a first and
second base 1n a template strand of a nucleic acid template,
such methods are defined as comprising:

a) blocking the at least nicked template by contacting with
a first blocking composition comprising three dideoxy-
nucleotide triphosphates that do not contain the
complement of the first base, to create a blocked
template;

b) removing the first blocking composition from contact
with the blocked template;

¢) contacting the blocked template with at least a first
extending and terminating composition comprising an
extending deoxynucleotide triphosphate containing the
complement of the first base, and a tagged or labeled
terminating dideoxynucleotide triphosphate containing
the complement of the second base, under conditions
cllective to produce a nucleic acid product terminating
with a dinucleotide sequence complementary to the first
and second base; and




US 7,270,958 B2

19

d) detecting the nucleic acid product under conditions
cllective to 1dentily the selected dinucleotide sequence
in the nucleic acid template.

In such methods, step (¢) may be conducted as a single
extending and terminating step, comprising contacting with
a composition that comprises both the extending deoxy-
nucleotide triphosphate and the terminating dideoxynucle-
otide triphosphate.

Step (¢) may also be conducted as at least two distinct
extending and terminating steps, comprising first contacting
the template with an extending composition that comprises
the extending deoxynucleotide triphosphate, and then con-
tacting the template with a distinct terminating composition
that comprises the terminating dideoxynucleotide triphos-
phate. Step (¢) may comprise, in sequence, contacting the
template with an extending composition that comprises the
extending deoxynucleotide triphosphate, removing the
extending composition from contact with the template, and
contacting the template with a distinct terminating compo-
sition that comprises the terminating dideoxynucleotide
triphosphate.

The non-Sanger analytical and sequencing methods may
also require the introduction or mcorporation of at least two
turther bases at the break or gap 1n the template 1n addition
to the selected base. Thus, the nicked template 1s subjecting,
to a series of blocking and washing, and extending and
washing reactions prior to contact with the terminating
composition, thereby producing an extended nucleic acid
product comprising two, three or a series of additional bases
preceding the selected, terminating base.

Such methods allow for the identification of a selected
trinucleotide sequence 1n a nucleic acid template, the tri-
nucleotide sequence being the complement of the first and
second specified bases and the selected base, the method
comprising:

a) blocking the at least nicked template by contacting with

a first blocking composition comprising three dideoxy-
nucleotide triphosphates that do not contain the first
specified base, to create a first-blocked template;

b) removing the first blocking composition from contact
with the first-blocked template;

¢) extending the first-blocked template by contacting with
a {irst extending composition comprising an extending
deoxynucleotide triphosphate containing the first speci-
fied base, to create a first-extended template;

d) removing the first extending composition from contact
with the first-extended template;

¢) blocking the first-extended template by contacting with
a second blocking composition comprising three
dideoxynucleotide triphosphates that do not contain the
second specified base to create a second-blocked tem-
plate;

1) removing the second blocking composition from con-
tact with the second-blocked template;

o) contacting the second-blocked template with at least a
first extending and terminating composition comprising
an extending deoxynucleotide triphosphate containing
the second specified base, and a tagged or labeled
terminating dideoxynucleotide triphosphate containing
the selected base, under conditions effective to produce
a nucleic acid product terminating with a trinucleotide
sequence of the first and second specified bases and the
selected base; and

h) detecting the nucleic acid product under conditions
ellective to 1dentify a selected trinucleotide sequence 1n
the nucleic acid sample.
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Defining the selected trinucleotide sequence as a first,
second and third base 1n a template strand of a nucleic acid
template, the foregoing methods are defined as comprising;:

a) blocking the at least nicked template by contacting with
a first blocking composition comprising three dideoxy-
nucleotide triphosphates that do not contain the
complement of the first base to create a first-blocked
template;

b) removing the first blocking composition from contact
with the first-blocked template;

¢) extending the first-blocked template by contacting with
a first extending composition comprising an extending
deoxynucleotide triphosphate containing the comple-
ment of the first base to create a first-extended tem-
plate;

d) removing the first extending composition from contact
with the first-extended template;

¢) blocking the first-extended template by contacting with
a second blocking composition comprising three
dideoxynucleotide triphosphates that do not contain the
complement of the second base to create a second-
blocked template;

1) removing the second blocking composition from con-
tact with the second-blocked template;

g) contacting the second-blocked template with at least a
first extending and terminating composition comprising,
an extending deoxynucleotide triphosphate containing,
the complement of the second base, and a tagged or
labeled terminating dideoxynucleotide triphosphate
containing the complement of the third base, under
conditions effective to produce a nucleic acid product
terminating with a trinucleotide sequence complemen-
tary to the first, second and third bases; and

h) detecting the nucleic acid product under conditions
cllective to 1dentify the selected trinucleotide sequence

in the nucleic acid sample.

These methods may comprise:

a) blocking the at least nicked template by contacting with
a first blocking composition comprising three dideoxy-
nucleotide triphosphates that do not contain the
complement of the first base to create a first-blocked
template;

b) removing the first blocking composition from contact
with the first-blocked template;

¢) extending the first-blocked template by contacting with
a {irst extending composition comprising an extending
deoxynucleotide triphosphate containing the comple-
ment of the first base to create a first-extended tem-
plate;

d) removing the first extending composition from contact
with the first-extended template;

¢) blocking the first-extended template by contacting with
a second blocking composition comprising three
dideoxynucleotide triphosphates that do not contain the
complement of the second base to create a second-
blocked template;

) removing the second blocking composition from con-
tact with the second-blocked template;

g) further extending the second-blocked template by
contacting with a second extending composition com-
prising an extending deoxynucleotide triphosphate con-
taining the complement of the second base to create a
second-extended template;

h) terminating the reaction by contacting the second-
extended template with a terminating composition
comprising a tagged or labeled terminating dideoxy-
nucleotide triphosphate containing the complement of
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the third base, under conditions effective to produce a
nucleic acid product terminating with a trinucleotide
sequence complementary to the first, second and third
bases; and

1) detecting the nucleic acid product under conditions
cllective to 1identify a selected trinucleotide sequence 1n
the nucleic acid sample.

The methods of di- and tri-nucleotide 1dentification may
turther be used as methods for sequencing a nucleic acid
molecule by identifying selected di- or tri-nucleotide
sequences, wherein the 1dentification of the selected di- or
tri-nucleotide sequences 1s followed by the compilation of
the 1dentified di- or tri-nucleotide sequences to determine the
contiguous nucleic acid sequence of at least a portion of the
nucleic acid molecule.

The methods of selecting at least a first nucleic acid
product terminated with at least a first selected base gener-
ally comprise creating a substantially double stranded
nucleic acid template comprising at least a first break on at
least one strand, and contacting the template with an effec-
tive polymerase and a terminating composition comprising,
at least a first terminating nucleotide, wherein the base of the
terminating nucleotide corresponding to the selected base,
under conditions effective to produce a nucleic acid product
terminated at a selected base, or an eflective polymerase and
an extending composition under conditions effective to
produce a fully extended product only from a template that
terminates at the selected base. The methods may first
involve creating a substantially double stranded nucleic acid
template comprising at least a first random double stranded

break.

The methods may be further defined as methods for
determining the position of at least a first selected dinucle-
otide sequence of at least a first and at least a second base
in at least a first nucleic acid template. The methods may
comprise:

a) ligating a double-stranded nucleic acid segment to the
double-stranded break, the double-stranded nucleic

acid segment comprising an upper strand comprising a
5" end comprising a phosphate group and a blocked 3'
end and a lower strand comprising a blocked 5' end and
a 3' end comprising a hydroxyl group;

b) blocking the template by contacting with a first block-
ing composition comprising three dideoxynucleotide

triphosphates that do not contain the complement of the
first base;

¢) removing the first blocking composition from contact
with the template;

d) extending the template by contacting with a first
extending composition comprising an extending
deoxynucleotide triphosphate containing the comple-
ment of the first base;

¢) removing the first extending composition from contact
with the template;

1) blocking the template by contacting with a second
blocking composition comprising three dideoxynucle-
otide triphosphates that do not contain the complement
of the second base;

g) removing the second blocking composition from con-
tact with the template;

h) contacting the template with at least a second extending
composition comprising four extending deoxynucle-
otide triphosphates, at least one of the extending deoxy-
nucleotide triphosphates containing a tagged or labeled
base, under conditions eflective to produce a fully
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extended tagged or labeled nucleic acid product with a
dinucleotide sequence complementary to the first and
second bases; and
1) detecting the nucleic acid product under conditions
cllective to determine the position of the selected
dinucleotide sequence 1n the nucleic acid sample.
The methods of determining the position of at least a first
selected dinucleotide sequence comprising at least a first
base and a second base 1n one or more nucleic acid templates
may alternatively comprise:

a) attaching a double-stranded nucleic acid segment to the
double-stranded break, the double-stranded nucleic
acid segment comprising an upper strand comprising a
5" end comprising a phosphate group and a blocked 3'
end and a lower strand comprising a blocked 3' end and
a blocked 3' end;

b) heating the template at a temperature eflective to
disassociate the lower strand of the adaptor;

¢) annealing a single-stranded oligonucleotide comprising,
a 3' hydroxyl group to the template, the first oligo-
nucleotide comprising the same nucleotide sequence as
the lower strand plus a first additional 3' base comple-
mentary to the first base and a second additional 3' base
complementary to the second base;

d) contacting the template with an extending composition
comprising four extending deoxynucleotide triphos-
phates, at least one of the extending deoxynucleotide
triphosphates containing a tagged or labeled base,
under conditions eflective to produce a fully extended
tagged or labeled nucleic acid product with a dinucle-
otide sequence complementary to the first and second
bases; and

¢) detecting the nucleic acid product under conditions

cllective to determine the position of the selected
inucleotide sequence 1n the nucleic acid sample.

Optionally, the methods of determining the position of at

least a first selected dinucleotide sequence comprising at
least a first base and a second base 1n at least a fist nucleic
acid template may comprise:

a) ligating a double-stranded nucleic acid segment to the
double-stranded break, the double-stranded nucleic
acid segment comprising an upper strand comprising a
S' end comprising a phosphate group and a blocked 3'
end and a lower strand comprising a blocked 3' end and
a blocked 3' end;

b) heating the ligated double-stranded nucleic acid seg-
ment at a temperature eflective to disassociate the
lower strand of the adaptor,

¢) annealing a first single-stranded oligonucleotide com-
prising a 3' hydroxyl group to the templates, the first
oligonucleotide comprising the same nucleotide
sequence as the lower strand;

d) blocking the templates by contacting with a first
blocking composition comprising a dideoxynucleotide
triphosphate that contains the complement of the first
base;

¢) removing the first blocking composition from contact
with the templates;

) contacting the templates with at least a first extending
composition comprising four deoxynucleotide triphos-
phates, one of the deoxynucleotide triphosphates com-
prising a uracil base, under conditions eflective to
completely extend the non-template strand;

o) heating the templates at a temperature eflective to
disassociate the first single stranded oligonucleotide;

h) annealing a second single-stranded oligonucleotide
comprising a 3' hydroxyl group to the templates, the
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second oligonucleotide comprising the same nucleotide

sequence as the first single-stranded oligonucleotide

plus a first additional 3' base complementary to the first
base;

1) blocking the templates by contacting with a second
blocking composition comprising a dideoxynucleotide
triphosphate that contains the complement of the sec-
ond base;

1) removing the second blocking composition from con-
tact with the templates;

k) contacting the templates with the at least a first extend-
ing composition comprising four deoxynucleotide
triphosphates, one of the deoxynucleotide triphos-
phates comprising a uracil base, under conditions eflec-
tive to completely extend the non-template strand;

1) heating the templates at a temperature eflective to
disassociate the second single stranded oligonucle-
otide;:

m) annealing a third single-stranded oligonucleotide com-
prising a 3' hydroxyl group to the templates, the second
oligonucleotide comprising the same nucleotide
sequence as the second single-stranded oligonucleotide
plus a second additional 3' base complementary to the
second base:

n) contacting the templates with at least a second extend-
ing and labeling composition comprising four deoxy-
nucleotide triphosphates, at least one of which com-
prises a detectable label, under conditions effective to
completely extend the non-template strand;

0) contacting the templates with at least a first degrading
composition under conditions effective to degrade the
non-template strands containing a uracil base; and

p) detecting the nucleic acid products under conditions

cllective to determine the position of the selected

dinucleotide sequence 1n the nucleic acid templates.

The methods may also be further defined as methods for

determining the position of at least a first selected trinucle-

otide sequence of at least a first, second and third base in one
or more nucleic acid templates. The methods may comprise:

a) higating a double-stranded nucleic acid segment to the
double-stranded break, the double-stranded nucleic
acid segment comprising an upper strand comprising a
5" end comprising a phosphate group and a blocked 3'
end and a lower strand comprising a blocked 3' end and
a 3' end comprising a hydroxyl group;

b) blocking the template by contacting with a first block-
ing composition comprising three dideoxynucleotide
triphosphates that do not contain the complement of the
first base:

¢) removing the first blocking composition from contact
with the template;

d) extending the template by contacting with a first
extending composition comprising an extending
deoxynucleotide triphosphate containing the comple-
ment of the first base;

¢) removing the first extending composition from contact
with the template;

1) blocking the template by contacting with a second
blocking composition comprising three dideoxynucle-
otide triphosphates that do not contain the complement
of the second base;

g) removing the second blocking composition from con-
tact with the template;

h) extending the template by contacting with a second
extending composition comprising an extending
deoxynucleotide triphosphate containing the comple-
ment of the second base;

10

15

20

25

30

35

40

45

50

55

60

65

24

1) removing the second extending composition from con-
tact with the template;

1) blocking the template by contacting with a third block-

ing composition comprising three dideoxynucleotide
triphosphates that do not contain the complement of the
third base;

k) removing the third blocking composition from contact
with the template;

1) contacting the template with at least a third extending
composition comprising four extending deoxynucle-
otide triphosphates, at least one of the extending deoxy-
nucleotide triphosphates containing a tagged or labeled
base, under conditions eflective to produce a fully
extended tagged or labeled nucleic acid product with a
trinucleotide sequence complementary to the first, sec-
ond and third bases; and

m) detecting the nucleic acid product under conditions

cliective to determine the position of the selected

dinucleotide sequence 1n the nucleic acid sample.

The methods of determining the position of at least a first

selected trinucleotide sequence comprising at least a first
base, a second base and a third base 1n at least a first nucleic
acid template may optionally comprise:

a) attaching a double-stranded nucleic acid segment to the
double-stranded break, the double-stranded nucleic
acid segment comprising an upper strand comprising a
5" end comprising a phosphate group and a blocked 3'
end and a lower strand comprising a blocked 35' end and
a blocked 3' end;

b) heating the template at a temperature eflective to
disassociate the lower strand of the adaptor,

¢) annealing a single-stranded oligonucleotide comprising,
a 3' hydroxyl group to the template, the first oligo-
nucleotide comprising the same nucleotide sequence as
the lower strand plus a first additional 3' base comple-
mentary to the first base, a second additional 3' base
complementary to the second base and a third addi-
tional 3' base complementary to the third base;

d) contacting the template with an extending composition
comprising four extending deoxynucleotide triphos-
phates, at least one of the extending deoxynucleotide
triphosphates containing a tagged or labeled base,
under conditions effective to produce a fully extended
tagged or labeled nucleic acid product with a trinucle-
otide sequence complementary to the first, second and
third bases; and

¢) detecting the nucleic acid product under conditions
cllective to determine the position of the selected
trinucleotide sequence 1n the nucleic acid sample.

Alternatively, the methods of determining the position of

at least a first selected trinucleotide sequence comprising at
least a first base, a second base and a third base 1n one or
more nucleic acid templates may comprise:

a) ligating a double-stranded nucleic acid segment to the
double-stranded break, the double-stranded nucleic
acid segment comprising an upper strand comprising a
5" end comprising a phosphate group and a blocked 3'

end and a lower strand comprising a blocked 5' end and
a blocked 3' end:

b) heating the ligated double-stranded nucleic acid seg-

ment at a temperature eflective to disassociate the
lower strand of the adaptor,

¢) annealing a first single-stranded oligonucleotide com-
prising a 3' hydroxyl group to the templates, the first
oligonucleotide comprising the same nucleotide
sequence as the lower strand;
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d) blocking the templates by contacting with a first
blocking composition comprising a dideoxynucleotide
triphosphate that contains the complement of the first
base;

¢) removing the first blocking composition from contact
with the templates;

) contacting the templates with at least a first extending,
composition comprising four deoxynucleotide triphos-
phates, one of the deoxynucleotide triphosphates com-
prising a uracil base, under conditions eflective to
completely extend the non-template strand;

o) heating the templates at a temperature eflective to
disassociate the first single stranded oligonucleotide;
h) annealing a second single-stranded oligonucleotide
comprising a 3' hydroxyl group to the templates, the
second oligonucleotide comprising the same nucleotide
sequence as the first single-stranded oligonucleotide
plus a first additional 3' base complementary to the first

base;

1) blocking the templates by contacting with a second
blocking composition comprising a dideoxynucleotide
triphosphate that contains the complement of the sec-
ond base:

1) removing the second blocking composition from con-
tact with the templates;

k) contacting the templates with the at least a first extend-
ing composition comprising four deoxynucleotide
triphosphates, one of the deoxynucleotide triphos-
phates comprising a uracil base, under conditions eflec-
tive to completely extend the non-template strand;

1) heating the templates at a temperature eflective to
disassociate the second single stranded oligonucle-
otide;

m) annealing a third single-stranded oligonucleotide com-
prising a 3' hydroxyl group to the templates, the second
oligonucleotide comprising the same nucleotide
sequence as the second single-stranded oligonucleotide
plus a second additional 3' base complementary to the
second base:

n) contacting the templates with the at least a second
extending composition comprising four deoxynucle-
otide triphosphates, one of the deoxynucleotide triph-
osphates comprising a uracil base, under conditions

cllective to completely extend the non-template strand;

0) heating the templates at a temperature eflective to
disassociate the third single stranded oligonucleotide;

p) annealing a fourth single-stranded oligonucleotide
comprising a 3' hydroxyl group to the templates, the
second oligonucleotide comprising the same nucleotide
sequence as the third single-stranded oligonucleotide
plus a third additional 3' base complementary to the
third base:

q) contacting the templates with at least a third extending
and labeling composition comprising four deoxynucle-
otide triphosphates, at least one of which comprises a
detectable label, under conditions eflective to com-
pletely extend the non-template strand;

r) contacting the templates with at least a first degrading
composition under conditions efl

ective to degrade the
non-template strands containing a uracil base; and

s) detecting the nucleic acid products under conditions

cllective to determine the position of the selected
trinucleotide sequence 1n the nucleic acid templates.

Further methods of the present invention are methods of

sequencing a nucleic acid molecule by identifying a selected
dinucleotide sequence comprising a first base and a second
base, the methods comprising:
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a) creating a substantially double-stranded nucleic acid
template comprising a selected dinucleotide sequence
on a template strand and comprising an exonuclease-
resistant nucleotide in the non-template strand, wherein
the base of the exonuclease-resistant nucleotide 1s
complementary to the first base;

b) contacting the template with an amount of an exonu-
clease eflective to degrade the non-template strand until
the position of the exonuclease-resistant nucleotide;

¢) removing the exonuclease from contact with the tem-
plate;

d) contacting the template with at least a first terminating
composition comprising a tagged or labeled terminat-
ing dideoxynucleotide triphosphate containing the
complement of the second base, under conditions ellec-
tive to produce a nucleic acid product terminating with
a dinucleotide sequence complementary to the first and
second base; and

¢) detecting the nucleic acid product under conditions

cllective to 1dentily the selected dinucleotide sequence

in the template strand of the nucleic acid template.

Detection of a selectively-terminated nucleic acid product
or products 1s also generally integral to the use of the
invention 1 methods for mapping a nucleic acid, wherein
the methods generally comprise detecting the nucleic acid
product or products under conditions effective to determine
the position of the nucleic acid relative to the nucleic acid
product or products. The mapping methods may comprise:

a) creating a population of substantially double-stranded
nucleic acid templates from the nucleic acid, the tem-
plates comprising at least a first random break on at
least one strand or at least a first random break on only
one stand;

b) contacting the population of templates with an effective
polymerase and at least a first degradable extension-
producing composition comprising three non-degrad-
able extending nucleotides (deoxynucleotides) and one
degradable nucleotide, under conditions and for a time

ellective to produce a population of degradable nucleic

acid products comprising the degradable nucleotide;
¢) removing the degradable extension-producing compo-
sition from contact with the templates;

d) contacting the populatlon of degradable nucleic acid
products with an eflective polymerase and at least a first
nondegradable extending and terminating composition
comprising four non-degradable extending deoxy-
nucleotides, at least one of the non-degradable extend-
ing deoxynucleotides comprising a detectable label or
an 1solation tag, under conditions and for a time eflec-
tive to produce a population of terminated nucleic acid
products comprising a degradable region and a nonde-
gradable region;

¢) contacting the population of terminated nucleic acid
products with an eflective amount of a degrading
composition to degrade the degradable region, thereby
producing nested nucleic acid products; and

1) detectmg the nested nucleic acid products under con-
ditions eflective to determine the position of the nucleic
acid relative to the nucleic acid product.

As used herein, the term “nested nucleic acid products™
means a series of nucleic acid products that are a diflerent
distance from the point that the nucleic acid synthesis
originates. In certain aspects, the products will be overlap-
ping nucleic acid products, but this 1s not a requirements for
most of the embodiments of the present invention.

In preferred embodiments, the degradable nucleotide will
be a uracil base-containing nucleotide and the degrading
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composition will comprise a combined eflective amount of
a uracil DNA glycosylase enzyme and an endonuclease IV
or an endonuclease V enzyme.

The present mvention still further provides methods of
sequencing through a telomeric repeat region into a subte-
lomeric region, comprising:

a) providing a substantially double-stranded nucleic acid
that comprises, 1n contiguous sequence order, a termi-
nal single-stranded telomeric overhang, a double-
stranded telomeric repeat region and a double-stranded
subtelomeric region;

b) contacting the nucleic acid with a composition com-
prising an oligonucleotide or primer that 1s substan-
tially complementary to and hybrldlzes to the single-
stranded telomeric overhang, an eflective polymerase,
four extending nucleotides and at least a first tagged or
labeled terminating nucleotide under conditions effec-
tive to produce a nucleic acid product extended from
the primer into the subtelomeric region; and

¢) detecting the nucleic acid product under conditions
cllective to determine the nucleic acid sequence of the

telomeric overhang, the telomeric repeat region and at
least a portion of the subtelomeric region.

The present invention also provides a method for deter-
mimng the percentage of telomeres 1 a population that
contain 3' overhangs, comprising;:

a) contacting a telomere-containing nucleic acid sample
suspected of having telomeres containing a first, 3’
overhang-containing strand and a second, non-over-
hang strand, with a composition comprising an oligo-
nucleotide or primer that 1s substantially complemen-
tary to and hybridizes to the single-stranded telomeric
overhang, an eflective polymerase and four extending
nucleotides under conditions eflective to produce a
nucleic acid product extended from the primer and a
trimmed second, non-overhang strand, wherein a
telomere that does not have a 3' overhang will comprise
a non-trimmed second, non-overhang strand; and

b) detecting the nucleic acid product under conditions
cllective to determine the amounts of the nucleic acid

product, the trimmed second, non-overhang strand, the
first, 3' overhang-containing strand and the non-
trimmed second, non-overhang strand.

In particular aspects, the amounts of the nucleic acid
product, the trimmed second, non-overhang strand, the first,
3' overhang-containing strand and the non-trimmed second,
non-overhang strand are determined by hybridization with
labeled G-rich and C-rich telomeric sequences or segments.

The term “‘oligonucleotide”, as used herein, defines a
molecule comprised of two or more deoxyribonucleotides or
ribonucleotides, usually more than three (3), and typically
more than ten (10) and up to one hundred (100) or more.
Preferably, “oligos” comprise between about fifteen or
twenty and about thirty deoxyribonucleotides or ribonucle-
otides. Oligonucleotides may be generated i any eflective
manner, including chemical synthesis, DNA replication,
reverse transcription, or a combination thereof.

A primer 1s said to be “substantially” complementary to a
strand of specific sequence of a template where 1t 1s sufli-
ciently complementary to hybridize to the template suthicient
for primer elongation to occur. A primer sequence need not
reflect the exact sequence of a template. For example, a
non-complementary nucleotide fragment may be attached to
the 5' end of a primer, with the remainder of the primer
sequence being substantially complementary to a template.
Non-complementary bases or longer sequences can be inter-
spersed into a primer, provided that the primer sequence has
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suilicient complementarity with the sequence of the template
to hybridize and thereby form a template primer complex for
synthesis of the extension product of the primer.

“Hybridization” methods involve the annealing of a
complementary or suih

iciently complementary sequence to a
target nucleic acid sequence. The ability of two polymers of
nucleic acid containing complementary sequences to anneal
through base pairing interaction 1s a well-recognized phe-
nomenon (Marmur and Lane, 1960; Doty et al., 1960).

The “complement” of a nucleic acid sequence as used
herein refers to an oligonucleotide which, when aligned with
the nucleic acid sequence such that the 3' end of one
sequence 1s paired with the 3' end of the other, 1s 1n
“antiparallel association.” Certain bases not commonly
found 1n natural nucleic acids may be included 1n the nucleic
acids of the present invention and include, for example,
mosine and 7-deazaguanine. Complementarity need not be
perfect; stable duplexes may contain mismatched base pairs
or unmatched bases. Those skilled 1n the art of nucleic acid
technology can determine duplex stability empirically con-
sidering a number of variables including, for example, the
length of the oligonucleotide, base composition and
sequence ol the oligonucleotide, 1onic strength and 1inci-
dence of mismatched base pairs.

Stability of a nucleic acid duplex 1s measured by the
melting temperature, or “I_ . The T, of a particular nucleic
acid duplex under specified conditions 1s the temperature at
which on average half of the base pairs have disassociated.
The equation for calculating the T, of nucleic acids 1s well
known 1n the art. As indicated by standard references, an
estimate of the T, value may be calculated by the equation:

7', =81.5° C.+16.6 log M+0.41(% GC)-0.61(%
form)-""%/L

where M 1s the molarity of monovalent cations, % GC 1s the
percentage of guanosine and cytosine nucleotides 1n the
DNA, % form 1s the percentage ol formamide in the
hybrldlzatlon solution, and L=length of the hybrid in base
pairs (Berger and Kimmel, 1987). More sophisticated com-
putations are also known 1n the art that take structural as well
as sequence characteristics ito account for the calculation
of T .

The 1nvention yet further provides methods of determin-
ing the length of a single-stranded overhang of a telomere,
comprising contacting a telomere comprising a single-
stranded overhang with an excess of a primer that hybridizes
to the single-stranded overhang under conditions effective to
allow hybridization of substantially complementary nucleic
acids, and quantitating the primers thus hybridized to the
single-stranded overhang. These methods may further com-
prise contacting the primers hybridized to the single-
stranded overhang with a ligation composition 1n an amount
and for a time eflective to ligate the primers, wherein the
length of the ligated primers 1s quantitated.

BRIEF DESCRIPTION OF THE

DRAWINGS

The following drawings form part of the present specifi-
cation and are included to further demonstrate certain
aspects of the present invention. The invention may be better
understood by reference to one or more of these drawings in
combination with the detailed description of speciific
embodiments presented herein.

FIG. 1. A unique plasmid vector utilized in one embodi-
ment of the method of double-stranded sequencing of the
present invention. Shown 1s an insert to be sequenced,
represented by the double-headed arrow, flanked by two
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endonuclease recognition and cleavage sites, 1n this case two
I-Scel sites. An 1d gene II nick site 1s used to create a nick
by treatment with Id endonuclease. The nick 1s used to
initiate the strand replacement sequencing reaction.

FIG. 2. Schematically shows a strand-specific nick at the
td gene II site of a double-stranded template flanked by
[-Scel sites to mitiate the strand replacement reaction of the
present invention. The newly synthesized strand 1s shown as
a bold line.

FIG. 3. Schematically shows the products of the stand
replacement method when carried out in the presence of
termination nucleotides (closed circles). Also shown 1s the
optional step of restriction digestion at restriction endonu-
clease sites X and Y.

FI1G. 4A, FIG. 4B, FIG. 4C, FIG. 4D, FIG. 4E, FIG. 4F,
FIG. 4G, FIG. 4H, and FIG. 41. Schematically shows one
embodiment of the strand replacement method of the present
invention used to map the positions of bases along DNA of
multiple restriction fragments. FIG. 4A shows the DNA
segment to be sequenced (double headed arrow) and the 11
origin of replication site used to produce the single-stranded
nick. FIG. 4B shows the DNA after the nick has been
introduced by 11 endonuclease. FIG. 4C shows the initiation
of the strand replacement reaction (bold line). FIG. 4D
shows the extension of the strand replacement reaction (bold
line). FIG. 4E shows the termination of the strand replace-
ment reaction (closed circle) on one DNA molecule. FIG. 4F
shows a population of DNA molecules with strand replace-
ment reactions (bold line), terminated at different locations
(closed circles). FIG. 4G shows the population of DNA
molecules with strand replacement reactions (bold line),
terminated at different locations (closed circles) from FIG.
4F, with the location of restriction endonuclease sites X and
Y indicated. Cleavage with restriction enzyme X produces
the fragments 1, 2 and 3, while cleavage with the restriction
enzyme Y produces the fragments 4 and 3. FIG. 4H shows
the products of the restriction endonuclease digests X and Y
on the DNA. FIG. 41 shows the strand replacement reactions
(bold lines) terminated at different positions (closed circles)
on fragment 4 produced from a restriction digest of the
population of molecules shown in FIG. 4G. The labeled
strand replacement strands are denatured, and run on a
sequencing gel to determine the sequence.

FIG. 5. Schematically shows one embodiment of the
strand replacement method of the present invention whereby
sequencing can be performed directly on restriction frag-
ments, without size fractionation. The top panel shows a
plasmid having a single BamHI restriction endonuclease
site. Strand replacement reaction 1s mitiated at the 11 ongin
of replication (11 or1), and proceeds through the DNA to be
sequenced (bold line). The products of the strand replace-
ment reaction are cut with BamHI, which produces a popu-
lation of fragments with the strand replacement reactions
terminated at different positions (closed circles; bottom
panel).

FIG. 6. Schematically shows two embodiments of the
ligation-mediated method of the present invention for ini-
tiation of strand replacement DNA sequencing. A DNA
segment containing a EcoRI restriction endonuclease site 1s
cut with EcoRI (1), which produces a fragment with a 5'
extension. Shown are two ways this fragment can be used to
produce an 1nitiation site for a strand replacement reaction.
The fragment can be treated with phosphatase to remove the
terminal 5' phosphate (2), and then annealed to an adaptor
(3) having an EcoRI 3' overhang. The annealed product has
a single-stranded nick, corresponding to the missing phos-
phate group removed by the phosphatase reaction. Alterna-
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tively, the original fragment can be annealed with an adaptor
having an extra base i the 5' overhang (4), producing a
product having a one-base nick. Both nicked products can
then be used 1n a strand replacement reaction.

FIG. 7A, FIG. 7B, FIG. 7C, FIG. 7D and FIG. 7E.
Schematically shows dlﬁerent embodiment of the strand
replacement method of the present invention for sequencing
PCR™ products. FIG. 7A. In this method, one of the PCR™
primers has an 11 endonuclease recognition site incorporated
into the sequence, while the second PCR™ primer does not
Treatment of the PCR™ product with 11 endonuclease
produces a nick at the 11 recognition site. The nick can be
used to 1itiate a double-stranded sequencing reaction. FIG.
7B. In this embodiment, one of the strands of the PCR™
product has a phosphorothioate linkage incorporated into an
EcoRYV restriction endonuclease site. Treatment with EcCoRV
produces a nick 1n the strand opposite the phosphorothioate
linkage, that can be utilized to prime a double-stranded
sequencing reaction. FIG. 7C. In yet another embodiment,
the PCR™ products can be subjected to treatments to
degrade a few nucleotides from the 5' termini, for example
by use of T7 gene 6 exonuclease. Subsequent hybridization
of an oligonucleotide primer under non-denaturing condi-
tions to the 3' tail of the PCR™ product will produce the
priming site necessary for initiation of the double-stranded
sequencing reaction. FIG. 7D. In this aspect of the invention,
dUTP present in one of the PCR™ primers 1s degraded, and
as shown i FIG. 7C hybridization of an oligonucleotide
primer under non-denaturing conditions to the 3' tail of the
PCR™ product produces a priming site that can be used to
initiate a strand replacement reaction. FIG. 7E. In this
embodiment, only one uracil base 1s 1nc0rporated into the
PCR™ product through one of the PCR™ primers. The
uracil base can be removed by uracil DNA glycosylase, and
a nick created by subsequent treatment with heat, base, or an
enzyme such as endonuclease IV or endonuclease V. The
nick can be used to mitiate a double-stranded sequencing
reaction.

FIG. 8. Schematically shows one embodiment of the
strand replacement method of the present invention for
mapping the distance of genetic sites from the strand
replacement 1nitiation site. A template DNA molecule hav-
ing detectable features to be mapped and a strand replace-
ment 1nitiation site 1s shown 1n the top panel. The bottom
panel shows the products of strand replacement reactions
with dUTP incorporation times of 0, 10, 20, 30 and 40
minutes, followed by a 1 minute strand replacement reaction
incorporating d1TTP. The thymidine-containing DNA syn-
thesized by the strand replacement reaction 1s shown as a
cross-hatched box, and the uridine-containing DNA synthe-
sized by the strand replacement reaction i1s shown as a
hatched line.

FIG. 9. Schematically shows one embodiment of the
strand replacement method of the present invention for
producing groups of short DNA molecules at different
distances from an initiation site. The top panel shows a DNA
molecule having a single 1d nick site. The bottom panel
shows the products of a strand replacement reaction 1ncor-
porating dUTP for diflerent amounts of time, followed by
incorporation of labeled dTTP for a short, fixed time. The
DNA containing dUTP, which can be degraded, 1s shown as
a cross-hatched box, and the DNA containing labeled dTTP,
that 1s stable to degradation and can be used, for example, in
array hybridization, 1s shown as a solid box.

FIG. 10A, FIG. 10B, FIG. 10C, FIG. 10D and FIG. 10E.
Schematlcally shows the introduction of single-stranded
regions 1n a model telomere double-stranded construct, and
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PENT reactions using the TelC primers. FIG. 10A shows the
starting Styl1 plasmid construct, having an 800 bp telomere
tract (vertical lines) flanked by EcoRI restriction sites, after
restriction digest with Clal. FIG. 10B shows the product of
the reaction of the starting construct with Bal 31 nuclease
and T7 gene 6 exonuclease, having a G-overhang in the
telomere tract. F1G. 10C shows the hybridization of the TelC
primers to the G-overhang region of the telomere tract FIG.
10D shows the product of the extension reaction with Taq
DNA polymerase and dATP, dCTP and dTTP. C. 1s the
newly-synthesized extension products, C, i1s the trimmed
original C-rich strands, and C_ 1s the original G-rich strands
and untrimmed C-rich strands. FIG. 10E shows the product
of the extension reaction with Tag DNA polymerase and all
tour deoxynucleotides dATP, dCTP, dTTP and dGTP. C. 1s
the newly-synthesized extension products, C. 1s the trimmed
original C-rich strands, and C_ 1s the original G-rich strands
and untrimmed C-rich strands.

FIG. 11. A plot used to calculate the estimated telomere
overhang length. The vertical axis shows the magnitude of
the nondenaturing hybridization signal for constructs with
100 bp, 170 bp and 220 bp G tails (hybrnidization signal,
a.u.), and the horizontal axis shows the length of the
overhang (bp).

FIG. 12. Schematically shows the functional parts of
telomeres, and determination of telomere length by using the
PENT reaction. The top panel shows a terminal restriction
fragment of a chromosome containing a telomere, with A
representing the region of the chromosome that does not
contain restriction sites and does not contain repetitive
DNA; B representing the region that contains some repeti-
tive DNA and that might include variants of the telomeric
sequence (this region 1s not thought to be a functional part
of the telomere); C representing the functional telomeric
sequence, with the repetitive sequence (I TAGGG), ; and D
representing the single-stranded G-tail (TTAGGG),. The
subtelomeric region 1s classified as regions A and B. The site
of the first guanine in the C-rich strand is indicated. The
bottom panel shows the DNA synthesized by the PENT
reaction using only dATP, dTTP and dCTP, carried out for
10, 20, 30 and 40 minutes.

FIG. 13. Schematically sets forth one embodiment of the
strand replacement method for measuring different distances
from the termini of chromosomes. The top panel i1s repro-
duced from FIG. 12, showing the different regions of the
terminal restriction fragment of a chromosome containing a
telomere. The bottom panel shows the products of the PENT
reactions with dUTP incorporation times of 0, 10, 20, 30 and
40 minutes, followed by a 1 minute PENT reaction incor-
porating d1TP. The thymidine-containing DNA synthesized
by the PENT reaction 1s shown as a cross-hatched box, and
the uridine-containing DNA synthesized by the PENT reac-
tion 1s shown as a hatched line.

FIG. 14 A and FIG. 14B. Shows the sequencing gel results
following strand replacement performed according to the
present invention. FIG. 14A. Sequencing reactions run in
bufler A. FIG. 14B. Sequencing reactions run in bufler B.

FIG. 15. Schematically sets forth RBI sequencing with
detectable primer and biotinylated ddTTP. The top panel
shows a PCR™-amplified DNA with a detection tag at the
S' end of primer X (open circle). The numbers show the 12
unknown bases. The next panel shows the population of
products of random degradation (nicks shown on upper
strand only), with each of the twelve unknown bases being
nicked. The next panel represents the products of the random
degradation after exposing the 3' hydroxyl group at the
damage site. The next panel shows the incorporation of
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biotinylated ddTTP at positions opposite adenine in the
template stand. The next panel shows the immobilization of
the biotinylated strands, and removal of the non-biotinylated
strands. The bottom panel 1s a schematic representation of
the released biotinylated strands separated by electrophore-
s1s, and detection of the tagged primer. The dark bars
represent the position of thymine.

FIG. 16. Schematic depiction of size separation of sepa-
rate RBI reactions terminated with tagged ddN'TPs. The top
panel schematically shows the results from the reactions
performed as described 1 FI1G. 15 using biotinylated ddT'TP,
biotinylated ddATP, biotinylated ddCTP and biotinylated
ddGTP. The bottom panel shows a schematic representation
of the summation of the results from the top panel, showing
the complete base sequence.

FIG. 17. Schematically sets forth RBI with detectable
primer and biotinylated dTTP. The top panel shows a
PCR™-amplified DNA with a detection tag at the 5' end of
primer X (open circle). The numbers show the 12 unknown
bases. The next panel shows the population of products of
random degradation (nicks shown on upper strand only),
with each of the twelve unknown bases being nicked. The
next panel represents the products of the random degrada-
tion after exposing the 3' hydroxyl group at the damage site.
The next panel shows the incorporation of biotinylated dT'TP
at positions opposite adenine in the template strand. The
next panel shows the immobilization of the biotinylated
strands, and removal of the non-biotinylated strands. The
bottom panel 1s a schematic representation of the released
biotinylated strands separated by electrophoresis, and detec-
tion of the tagged primer. The dark bars represent the
position of terminal thymine.

FIG. 18. Schematic depiction of size separation of sepa-
rate RBI reactions terminated with tagged dNTP. The top
panel schematically shows the results from the reactions
performed as described 1n FIG. 17 using biotinylated dT'TP,
biotinylated dATP, biotinylated dCITP and biotinylated
dGTP. The bottom panel shows a schematic representation
of the summation of the results from the top panel showing
the complete base sequence. The positions of the bases in
parentheses are inferred.

FIG. 19. Schematically sets forth RBI with detectable
ddNTP and biotinylated primer. The top panel shows a
PCR™-amplified DNA immobilized at the 5' end of primer
X (open circle). The numbers show the 12 unknown bases.
The next panel shows the population of products of random
degradation (nicks shown on upper strand only), with each
of the twelve unknown bases being nmicked. The next panel
represents the products of the random degradation after
exposing the 3' hydroxyl group at the damage site. The next
panel shows the incorporation of tagged (labeled) ddTTP at
positions opposite adenine in the template strand. The next
panel shows the denaturation and removal of the non-
immobilized strands. The bottom panel 1s a schematic rep-
resentation of the mobilized, originally retained strands
separated by electrophoresis, and detection of the tagged
bases. The dark bars represent the position of thymine.

FIG. 20. Schematic depiction of size separation of sepa-
rate RBI reactions terminated with detectable tagged ddNTP.
The top panel schematically shows the results from the
reactions performed as described 1 FIG. 19 using tagged
ddTTP, tagged ddATP, tagged ddCTP and tagged ddGTP.
The bottom panel shows a schematic representation of the
summation of the results from the top panel, showing the
complete base sequence.

FIG. 21. Schematically sets forth double-base sequencing,
by RBI (example shown 1s a “T-walk” {followed by
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“A-walk™). The PCR-amplification, immobilization, 3
hydroxyl group exposure at random sites 1s conducted as
detailed 1n FIG. 19. The top panel shows the population of
products of random degradation (nicks shown on upper
strand only), with each of the twelve unknown bases being

nicked. The next panel shows blocking of the positions
opposite T, G and C with ddATP, ddCTP and ddGTP (shown

in bold letters), followed by removal of the ddATP, ddCTP
and ddGTP, and addition of dTTP, which has a 3' hydroxyl
group that serves as an initiation site for further nucleotide

addition. The next panel shows blocking of positions oppo-
site A, G and C with ddTTP, ddCTP and ddGTP (shown 1n

bold letters), followed by the removal of the ddTTP, ddCTP
and ddGTP, and addition of tagged (labeled) ddATP. The
next panel shows denaturation and removal of the non-
immobilized strands. The bottom panel 1s a schematic rep-
resentation of the mobilized, originally retained strands
separated by electrophoresis, and detection of the tagged
bases. The dark bars represent the position of thymine
tollowed by adenine.

FIG. 22. Schematic depiction of size separation results
from twelve 2-base walks put together 1 complete
sequence. The top panel schematically shows the results
from the reactions performed as described in FIG. 21 using
a T/Awalk, a'T/C walk, a T/G walk, a A/T walk, a A/C walk,
a A/G walk, a C/T walk, a C/A walk, a C/G walk, a G/T
walk, a G/A walk, and a G/C walk. The bottom panel shows
a schematic representation of the summation of the results
from the top panel, showing the complete base sequence.
The inferred bases are shown 1n parentheses.

FIG. 23. Schematically sets forth an example of a three-
base walk finding the position of the successionT A, T. The
PCR-amplification, immobilization, 3' hydroxyl group
exposure at random sites 1s conducted as detailed 1n FIG. 19.
The top panel shows the population of products of random
degradation (nicks shown on upper strand only), with each
of the twelve unknown bases being nicked. The next panel
shows blocking of the positions opposite T, G and C with
ddATP, ddCTP and ddGTP (shown 1n bold letters), followed
by removal of the ddATP, ddCTP and ddGTP, and addition
of dTTP, which has a 3' hydroxyl group that serves as an
initiation site for further nucleotide addition. The next panel
shows blocking of positions opposite A, G and C with
ddTTP, ddCTP and ddGTP (shown 1n bold letters), followed
by the removal of the ddTTP, ddCTP and ddGTP, and
addition of dATP, which has a 3' hydroxyl group that serves
as an 1nitiation site for further nucleotide addition. The next

panel shows blocking of the positions opposite T, G and C
with ddATP, ddCTP and ddGTP (shown in bold letters),

tollowed by removal of the ddATP, ddCTP and ddGTP, and
addition of tagged (labeled) ddT'TP. The bottom panel 1s a
schematic representation of the denaturation and removal of
the non-immobilized strands, the mobilization of the origi-
nally retained strands and separation by electrophoresis, and
detection of the tagged terminal thymidine. The dark bar
represents the position of thymine followed by adenine,
followed by thymine.

FIG. 24. The results of single-base extension experiment
analyzed by polyacrylamide gel electrophoresis. Lane 1
represents primer A (21 bases), primer G (23 bases), primer
T (25 bases), and primer C (28 bases) belore extension.

Lanes 2-5 represent products of single-base extension reac-
tions in the presence of 1 uM a.-S-dCTP, 10 uM a.-S-dGTP,

10 uM a-S-dTTP, and 10 uM a-S-dATP, respectively.
Arrows indicate the positions of elongated products.
FIG. 25. The results of the dd(-N)-blocking reactions

using different concentrations of “dd(-A) mix” (lanes 1-4),
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“dd(-T) mix” (lanes 3-8), “dd(-G) mix” (lanes 9-12), and
“dd(-C) mix” (lanes 13-16) analyzed by polyacrylamide gel
clectrophoresis. Lanes 1, 3, 9, and 13 correspond to 1/10,000
ol stock concentration; lanes 2, 6, 10, and 14 correspond to
1/1000 of stock concentration; lanes 3, 7, 11, and 15
correspond to 1/100 of stock concentration; and lanes 4, 8,
12, and 16 correspond to 1/10 of stock concentration of
“dd(-N) mixes.”

FIG. 26. Extension of those primers that should still have
3' OH groups after the blocking reactions. Lanes 1, 3, 5, and
7 contain the oligonucleotide mixture after the blocking
reactions with “dd(-A)”, “dd(-1)”, “dd(-G)”, and “dd(-C)”
mixes, respectively. Lanes 2, 4, 6, and 8 contain the products
of polymerase extension of the DNA 1n lanes 1, 3, 5, and 7,
respectively. Lane 9 contains unextended primers.

FIG. 27. Patterns of DNA degradation caused by
Fe/EDTA and DNase 1 treatment are nearly random. Lanes
1,2,3,4, and 5 correspond to 0, 15 sec, 30 sec, 1 min, 2 min
of incubation of immobilized DNA with Fe/EDTA. Lanes 6,
7, 8,9, and 10 correspond to 0, 1 min, 2 min, 5 min, 10 min
ol incubation of immobilized DNA with DNase 1.

FIG. 28A and FIG. 28B. pUC19 DNA samples after
Fe/EDTA treatment, conditioning and DNA polymerase
labeling run on 1% agarose gel. FIG. 28 A. FEthuidium bro-
mide staining of the gel. FIG. 28B. Autoradiogram of the
DNA. Lanes 1 and 7: non-conditioned Fe/EDTA treated
DNA; lanes 2 and 8: DNA conditioned with T4 DNA
polymerase only; lanes 3 and 9: DNA conditioned with
combined action of T4 DNA polymerase and 0.1 U exo I1I;
lanes 4 and 10: DNA conditioned with combined action of
T4 DNA polymerase and 0.3 U exo III; lanes 5 and 11: DNA
conditioned with combined action of T4 DNA polymerase
and 1 U exo III; lanes 6 and 12: DNA conditioned with
combined action of T4 DNA polymerase and 3 U exo III.

FIG. 29. Results of specific incorporation of **P a-dATP
into Fe/EDTA randomly nicked DNA. Lanes 1-3 correspond
to labeling reactions performed at 30 nM , 100 nM, and 300
nM of o-dATP, respectively. Lane 4 corresponds to non-
degraded control DNA incubated with 100 nM a.-dATP.

FIG. 30A and FIG. 30B. FIG. 30A. Structure of an
exemplary 5' phosphorylated, 3'-blocked oligonucleotide
adaptor as described 1n Example 10, used to create a
randomly positioned nick or template sequence (top strand,
W). Filled circle indicates 5' phosphate group, filled squares
indicate blocked 3'-ends (dideoxynucleotide or NH,, group).
FIG. 30B. General structure of primers C-X, C-XY and
C-XYZ as described in Example 10 for use in three different
selection protocols.

FIG. 31. Schematic representation of multi-base sequence
analysis of randomly broken DNA as described in Example
10.

FIG. 32. Schematic representation of the sequential block-
ing-extension procedures as described i Example 10 for
selection of DNA fragments that have 5'-ATG-3' base com-
bination at their 5' adapted termini from a pool of randomly
terminated DNA fragments. Filled squares indicate blocked
3'-ends; arrows indicate non-blocked 3'-OH ends.

FIG. 33A and FIG. 33B. One-step selection procedures as
described 1 Example 10. FIG. 33A. Selection procedure
utilizing the primer-selectors C-X, C-XY and C-XYZ, as
shown 1 FIG. 30B, and polymerization reaction on the
single-stranded template. FIG. 33B. Seclection procedure
utilizing strand-displacement hybridization reaction of the
primer-selectors C-X, C-XY and C-XYZ facilitated by the
removal of the displaced 5'-overhang DNA by exonuclease
digestion, followed by polymerization reaction on the
double-stranded template.
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The drawings of FIG. 15 and FIGS. 17-23 are exemplified
using the sequence TACTATGGTTTA (SEQ ID NO:15).

DESCRIPTION OF ILLUSTRATIVE
EMBODIMENTS

The limited length of DNA sequence that can be deter-
mined 1n one sequencing reaction 1s a fundamental problem
in sequencing. Two types of solutions have been proposed
and experimentally tested. The first type of solutions are all
attempts to find better techniques to size-separate DNA
molecules, including modifications to the composition of the
clectrophoretic gel matrix, modifications to the electro-
phoretic devices and electric field characteristics, using
liquid chromatography, and using mass spectrometry to
determine fragment lengths.

After years of refinement of electrophoretic methods, 1t 1s
still not possible to separate molecules longer than about
1000-1400 bases with single-base resolution. This 1s
because as the molecular weight of the DNA increases the
gel bands become closer and closer together, until the bands
from molecules of length n overlap those of length n+1,
making 1t impossible to determine which base 1s at position
n and which base 1s at position n+1. Additionally, due to
technical limitations of the resolution and sensitivity of mass
spectrometry, 1t has not been possible to separate molecules
longer than about 50 to 100 bases with suflicient signal to
noise ratio to distinguish molecules that differ in length by
a single base (WO 96/32504).

The second type of solutions are attempts to avoid elec-
trophoresis altogether. This class includes sequencing by
microscopy, hybridization, step-by-step degradation of
labeled bases from one end, and step-by-step addition of
bases to one end. The microscopic methods depend upon
determination (by direct imaging) of the position of a
specific base along the DNA. In that respect they directly
determine the distance between one end of the DNA mol-
ecule and the position of a specific base, and therefore share
a common principle with all the size-separation techniques
including gel electrophoresis. Electron microscopy, scan-
ning tunneling microscopy, atomic force microscopy, and
other microscopies have inherent resolution better than 0.2
nm, which 1s less than the spacing between DNA bases in
double or single stranded DNA. Therefore, in principle, 1f
individual base types could by 1dentified by microscopy the
entire sequence ol a very long piece of DNA could be
determined. Dispite many attempts to sequence by micros-
copy, technical problems including physical damage during
imaging and dithculties 1n labeling and detecting specific
bases have prevented this technique from being used to
determine the position of specific bases, even 1n very short

pieces of DNA.

Sequencing by hybridization 1s based on determining the
presence ol a specific short sequence (4-10 bases) without
direct localization of the sequence on a longer piece of DNA
(Drmanac et al., 1989). Computer analysis of the short
sequences present can be used to reconstruct the sequence of
a larger fragment of DNA. To date, this method 1s limited to
DNA molecules of less than about 50 bases in length.

Methods of sequentially degrading bases from one end of
a long DNA molecule using a exonuclease while simulta-
neously i1dentifying the released bases have also been pro-
posed (Jones et al., 1997). In principle this could be done
using a single molecule or with a collection of 1dentical
molecules. The single-molecule methods have not proven
practical due to difficulty 1n degrading the DNA rapidly
enough and labeling and detecting the released labeled
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bases. The multi-molecule methods are not practical because
all molecules 1n the set cannot be degraded synchronously.
Step-by-step mcorporation of detectable bases from one

end of a collection of identical molecules has also been
proposed (WO 90/13666; WO 93/21340; U.S. Pat. No.

5,302,509; U.S. Pat. No. 5,750,341). In one version of this
technique the specific base 1s 1dentified by reduction 1n the
amount of labeled nucleotide triphosphate precursors in the
solution. In another version, the pyrphosphate molecules
released during each polymerization step are detected in
solution (Hyman, 1988; Ronghi et al., 1996, 1998). In a third
version, the base 1s 1dentified by incorporation and detection
of a labeled nucleotide. All of these methods for step-by-step
addition of nucleotides to one end of a collection of mol-
ecules sufler from the same shortcomings as encountered by
the step-by-step degradation methods, specifically the difli-
culty to maintain registration of the positions of 1ncorpora-
tion of nucleotides 1nto different molecules.

The present invention overcomes these and other limaita-
tions present i1n the art Certain aspects of the present
invention increase the length of DNA sequence that can be
determined from one biochemical reaction by increasing
ability of any size-separation technique (e.g., mass spectros-
copy, gel electrophoresis, gel chromatography) to determine
the positions of bases. This principle, multibase sequencing,
and all the mstant methods described herein that implement
the principle, reduces the number of fragments that need to
be resolved in each gel lane or capillary and thereby
increases the chance that the bands from molecules of
similar size can be distinguished.

Multibase sequencing creates or selects a nested set of
DNA double-stranded or single-stranded DNA molecules
that have their proximal termini located at a specific position
in the DNA sequence and their distal termini located at the
positions of a specific dinucleotide (e.g., AT, T'T, GT, etc.),
trinucleotide (e.g., ATA, GGT, CTG, etc.), or n-base string
(e.g., ATGCTGG). The DNA molecules created or selected
with a specific base string at the distal ends are size-
separated by electrophoresis, mass spectrometry, or other
techniques to form a multi-base ladder similar to the single-
base ladders formed 1n the Sanger or Maxim-Gilbert tech-
niques.

For example, all those molecules terminated with the
dinucleotide AT can be separated by electrophoresis to form
a ladder of bands that specily the positions of the dinucle-
otide relative to the unique site at the proximal ends of the
molecules. The average spacing between the bands will be
about 16 bases (e.g., the average spacing between occur-
ances ol the dinucleotide AT). Because the average spacing
between gel bands 1n the dinucleotide ladder 1s four times
larger than the average spacing between bands in a conven-
tional single-base ladder, adjacent sequencing bands will
overlap less frequently and therefore be resolved more
frequently.

In addition, even when bands in diflerent dinucleotide
ladders are of such similar size that they migrate the same
distance, the information i1n the dinucleotide types can be
used to resolve the sequence. For example, 1f a band of the
“Al” ladder overlaps a band on the TG ladder, the sequence
at that position can be determined to be ATG. An additional
advantage of this approach 1s that the position of the central
thymine base 1s determined from the information n two
independent sequencing ladders. This “oversampling” of the
information decreases the frequency of misidentification of
the base at a specific position.

The information 1n all 16 possible dinucleotide ladders
can be combined to determine the sequence even when three
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or more bands migrate identically. For example, it the
dinucleotide ladders with molecules terminating at AT, GA,
TG, NA, and AN overlap (where N 1s some other base), the
sequence at a specific positions can be deetermined to be
ATGA. The intensity of the dinucleotide bands can be used
to determine the number of occurances of a specific dinucle-
otide within a region, even if the individual dinucleotide
bands are not resolved. For example, 11 the dinucleotides TA,
AT, and AA have indistinguishable electrophoretic mobaility,
and the AA band 1s twice as strong as the other bands, i1t can
be determined that the sequence at that position 1s TAAAT.
When the resolution of the size-separation technique 1is
insuilicient to unambigously assign a specific sequence at a
position, the information available will determine a small
number of sequences allowed that will be a subset of all the
sequences possible.

The determination of the unique sequence or limited set of
sequences that are consistent with a specific pattern of
multibase ladders can be determined as described above;
however, the inventors also contemplate that computer soft-
ware, such as that used for sequence analysis, comparing
sequences 1n different genes and different organisms, deter-
mimng the overlapping sequences of diflerent fragments in
shotgun sequencing, and in determining DNA sequences
using the sequencing by hybridization approach, can be used
or modified to assist in sequence determination using multi-
base sequencing.

The consequence of being able to determine the base
sequence from multibase sequencing ladders with closely-
spaced or completely overlapping bands 1s the ability to
determine the base sequence 1n molecules longer than pos-
sible using single-base sequencing methods. As shown
above, even 1 the size-separation technique 1s limited to
distinguishing DNA length n from n+2, a dinucleotide ladder
will be suflicient to determine the bases at position n, n+1,
and n+2. By relaxing the resolution requirements by a factor
of two (or more) the length of sequences that can be “read”
from one size separation will be increased by approximately
a Tactor of two. The ability to read longer sequences of DNA
will 1mprove sequencing using all technical methods of
s1ze-separation, including gel electrophoresis, liquid chro-
matography, and mass spectrometry.

In a most general sense, the present invention provides a
number of methods that can be used 1n a variety of embodi-
ments, including, but not limited to, creation of a nucleic
acid terminated at one or more selected bases, sequence
analysis of nucleic acids, mapping of sequence motifs within
a nucleic acid as well as positional mapping of nucleic acid
clones, and analysis of telomeric regions.

I. Creation of Nucleic Acid Product Terminated at a Selected
Base

A. Methods for Creating an Initiation Site

In certamn embodiments of the present invention, an
initiation site for nucleic acid synthesis must first be created
in the substantially double stranded nucleic acid. The 1ni-
tiation site (as distinct from an oligonucleotide primer) can
be introduced by any method that results 1n a free 3
hydroxyl group on one side of a nick or gap in otherwise
substantially double-stranded nucleic acid. Presented herein
are a variety of methods for creation of an 1mitiation site,
including creation of a specific break or nick 1n one or both
strands of the double-stranded nucleic acid, creation of a
random break or nick in one or both strands of the double-
stranded nucleic acid, creation of a single-stranded gap on
one or both strands of the substantially double-stranded
nucleic acid, and creation of a double-stranded break.
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In certain of the methods of creating an initiation site
described herein below, a nick or break 1s created that does
not result in the formation of a 3' hydroxyl group. As the
polymerase synthesis reactions described herein require a 3'
hydroxyl group to initiate synthesis, also provided are meth-
ods of conditioning the break or nick, in order to create an
initiation site that possesses a 3' hydroxyl group.

1. Creation of a Specific Break or Nick

In certain aspects of the present mnvention, it 1s desired to
create an 1nitiation site at one or more specific location(s)
within the nucleic acid. Methods for creation of one or more
specific breaks or nicks include, but are not limited to:
enzymatic methods utilizing one or a combination of dii-
ferent enzymes; chemical cleavage methods; and methods
involving the ligation of a specific nucleic acid adaptor.

a. Enzymatic Methods

There are a number of enzymes that have the ability to
introduce a single- or double-stranded nicks or breaks 1nto a
nucleic acid at one or more specific positions. Examples of
enzymatic methods for creating an 1nitiation site include, but
are not limited to, digestion of a nucleic acid by a restriction
enzyme under conditions that only one strand of the double-
stranded DNA template 1s hydrolyzed, and nicking by {1l
gene product II or homologous enzymes from other fila-
mentous bacteriophage.

A number of restriction enzymes have been described that
produce a single-stranded nick in one strand of a double-
stranded nucleic acid when the digest 1s carried out in the
presence ol ethidium bromide (Kovacs et al., 1984). After
the restriction endonuclease reaction produces a nick 1n one
strand, no further reaction occurs. Therefore, most of the
double-stranded nucleic acid molecules will have a single
nick on one strand, with some molecules having a nick on

the top strand, and some molecules having a nick on the
bottom strand.

It 1s also known that certain restriction endonucleases
produce a single-stranded nick i1n the normal strand of a
hemiphosphorothiolated (having phosphorothioate linkages
on only one strand) double-stranded nucleic acid molecule
(Olsen et al., 1990). Depending on which strand contains the
phosphorothioate linkages, the nick will be produced on the
top strand or the bottom strand.

A preterred method of producing a specific nick 1n a
double-stranded nucleic acid 1s by using the 11 bacterioph-
age gene product II (I1 endonuclease) or homologous
enzymes from other filamentous bacteriophage such as the
td bacteriophage (Meyer and Geider, 1979). Certain single-
stranded bacteriophages form a double-stranded “replicative
form” (RF) molecule 1nside the host cell 1n order to replicate
the bacteriophage genome. The RF 1s nicked at a specific site
(the “origin of replication’™) on the strand corresponding to
the bacteriophage genome, leading to replication of the
bacteriophage genome by a strand displacement reaction,
also known as rolling circle replication. Thus, a double
stranded nucleic acid containing an origin of replication
from a filamentous bacteriophage such as 11 or Id, when
contacted with the appropriate 11 or 1d endonuclease, would
be specifically nicked at the origin of replication.

Additionally, uracil DNA glycosylase (dU glycosylase)
removes uracil residues from nucleic acids, leaving an
abasic site. This abasic site can be converted to a nick by
heating the nucleic acid, treatment with base, or 1n combi-
nation with an enzyme such as, but not limited to, endonu-
clease IV or endonuclease V. Thus, by incorporating uracil
into one or more specific locations i a double-stranded
nucleic acid, for example by synthesizing an oligonucleotide
primer with a uracil residue incorporated near the 3' end of
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the primer, and using the uracil-containing primer to amplify
a double-stranded nucleic acid product, a specific nick can
be created 1n the double-stranded nucleic acid product using
these techniques.

b. Chemical Methods

Certain chemical methods can also be used to produce a
specific nick or a break in a double-stranded nucleic acid
molecule. For example, chemical nicking of a double-

stranded molecule directed by triple-helix formation (Grant
and Dervan, 1996).

c. Adaptor-Based Methods

Ligation can also be used to create an mnitiation site. This
very powertul and general method to mtroduce an 1nitiation
site for strand replacement synthesis employs a panel of
special double-stranded oligonucleotide adapters designed
specifically to be ligated to the termimi produced by restric-
tion enzymes. Each of these adapters 1s designed such that
the 3' end of the restriction fragment to be sequenced can be
covalently joined (ligated) to the adaptor, but the 5' end
cannot. Thus the 3' end of the adaptor remains as a free 3'
OH at a 1 nucleotide gap in the DNA, which can serve as an
initiation site for the strand-replacement sequencing of the
restriction fragment. Because the number of different 3' and
S' overhanging sequences that can be produced by all
restriction enzymes 1s finite, and the design of each adaptor
will follow the same strategy, above, the design of every one
ol the possible adapters can be foreseen, even for restriction
enzymes that have not vet been identified. To facilitate
sequencing, a set of such adapters for strand replacement
initiation can be synthesized with labels (radioactive, fluo-
rescent, or chemical) and incorporated into the dideoxyri-
bonucleotide-terminated strands to facilitate the detection of
the bands on sequencing gels.

More specifically, adapters with 3' and 3' extensions can
be used 1n combination with restriction enzymes generating,
2-base, 3-base and 4-base (or more) overhangs. The sense
strand (the upper strand shown in Table 1 below) of the
adaptor has a 5' phosphate group that can be efliciently
ligated to the restriction fragment to be sequenced. The
anti-sense strand (bottom, underlined) 1s not phosphorylated
at the 5' end and 1s missing one base at the 3' end, eflectively
preventing ligation between adapters. This gap does not
interfere with the covalent joining of the sense strand to the
restriction fragment, and leaves a free 3' OH site in the
anti-sense strand for imitiation of strand replacement syn-
thesis.

TABLE 1
Adapters for Initiation of Strand Replacement DNA
Synthesis
(a) 2-base 5' restric- 5'—————-
tion extensions: 3N —_—— ab
Adapters with 3- abcd————————- 3
base 5' extensions: d-——=—-=—-- 5"
Litigation product 5'——=—=——- abcd-——————————- 3
formed: 3'mm———— ab d-—-————-=—--- 5
(b) 3-base 5' restric- 5'—————-
tion extensions: 3 abc
Adapters with 4- abcde—-————-—- 3
base 5' extensions: Em————— 5"
(c) 4-base 5' restric- 5'—————-
tlon extensions: 3N ——_——— abcd
Adapters with 5- abcdef—-——-—- 3
base 5' extensions: f-—— 5
(d) 2-base 3' restric- 5'—————- ab
tlon extensions: 3N —_————
Adapters with 1- Cmm——————— 3
base 3' extensions: be-———————- 5"
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(e) 3-base 3'
tion extensions:
Adapters with 2-
base 3'

(f) 4-base 3'
tion extensions:

Adapters with 3-

base 3'

TABLE l-continued
Adapters for Initiation of Strand Replacement DNA
Synthesis
restric—- 5'————0—- abc
S
Aee——————— 3"
extensions: becd—-——————-— 5
restric—- 5'—————- abcd
S
Em—————— 3!
extensions: bcde——————-— 5
TABLE 2

Base Extensions And Restriction Enzvmes

Restriction endonucleases

, BamHI,

AcclIII

2-base

extensions

5'-CG MaeII, HinPI, NarI, AcyI, HpalIl, MspI,
Tagl, ClaI, Sful, Asull

5'-GC = mmm——

5'=TA NdeI, MaeI, MseI, AsnI

5'-AT AccI

CG-3" CfoI, Hhal

GC-3"' KspI, SacII

TA-3' & & —————

AT-3' Pvul

3-base

extensions

5'=-GNC Sau96, Drall

5'=CNG = =—————a

5'=ANT HinfT

5'-TNA DdeI, CelII, Saul, Bsu36I

GNC-3' PssT

CNG=-3' = —————

ANT=3'  —mm——a

TNA-3' =  —————

1-base

extensions

5'-AATT EcoR1I

5 ' —~GATC MboI, NdeII , Sau3A, BglII
BclI, XhoII

5'-CATG NcoI, BspHI

5'-TATA =  —————-

5'-ATAT  —————-

5'=-GTAC Asp718, SplI

5'-CTAG Spel, Nhel, AvrII, Xbal

5'-TTARA Af1IT

5'-AGCT HindIIT

5 ' ~GGCC EclXI, XmaIII, NotI, Eael

5'-CGCG MluI, BssHII

5'-TGCA onol

5'-ACGT @ —————-

5'-GCGC BanlIl

5'=CCGG XmalI, MroI, Cfrl101, SgrAI,

5'-TCGA Sall, Xhol

AATT-3"' =  —mm———

GATC-3' =  —————-

CATG-3" NlaIII, SphI, Nspl

TATA-3' ~  —————-

ATAT=-3' =  —————a

GTAC-3' KpnI

CTAG=3' —————-

TTAA-3' ——————

AGCT-3" sSacl

GGCC-3" Apal

CGCG=3' =  ——m————

TGCA-3"' NsiI, PstI

ACGT-3" Aatll

GCGC=3" Bbel, HaeIl

CCGG=3' = ——m————

TCGA=3"' = -
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The adapters can also be designed to have a mick rather
than a gap, which will still facilitate mnitiation of the strand
replacement reaction. To do this, the restriction fragments
need to be dephosphorylated to prevent ligation of the 5' end.

In this case, blunt end adapters that are compatible with
blunt end producing restriction enzymes can be used.

2. Creation of a Random Break or Nick

In other aspects of the present invention, 1t 1s desired to
create an 1nitiation site at one or more random or essentially
random location(s) within the nucleic acid. Methods for
creation of one or more random breaks or nicks include, but
are not limited to: enzymatic methods utilizing one or a
combination of different enzymes; chemical cleavage meth-
ods; and physical or mechanical methods.

a. Enzymatic Methods

A preferred method of generating random or essentially
random breaks or nicks 1n a double-stranded nucleic acid 1s
using a nuclease that has no particular sequence require-
ments for cleavage, for example an endonuclease such as
DNAase 1. DNAase I 1s commercially available from a
variety ol sources, and produces random or essentially
random nicks or breaks in double-stranded DNA.

Another enzymatic method for generating random or
essentially random breaks or micks 1s through the use of a
restriction enzyme, such as Cvill, that normally has a four
base recognition sequence, but under certain butler and salt
conditions has essentially a two base recognition sequence.

Other restriction endonucleases, including, but not limited
to, Apol,. Asel, BamHI, BssHII, EcoRI, EcoRYV, HindlIlIl,

Hintl, Kpnl, Pstl, Pvull, Sall, Scal, Tagl and Xmnl, are
known to possess “star activity,” meaning that under certain
conditions, such as high glycerol concentrations, high
amounts of restriction enzyme, low 10nic strength, high pH,
the presence of certain organic solvents, such as DMSO,
cthanol, ethylene glycol, dimethylacetamide, dimethylior-
mamide or sulphalane, or substitution of the preferred diva-
lent metal ion (usually Mg=*) with a less preferred divalent
metal ion, such as Mn**, Cu**, Co** or Zn**, or combina-
tions thereol, recognize and cleave sequences not normally
cleaved.

Additionally, combinations of restriction enzymes,
including those with four base recognmition sequences,
including, but not limited to, Tsp5091, Maell, Tail, Alul,
Cwvill, Nlalll, Mspl, Hpall, BstUI, Bfal, Dpnll, Mbol,
Sau3 Al, Dpnl, Chal, HinPI, Hhal, Haelll, Csp61, Rsal, Taql
and Msel, and those having “star activity,” can be used 1n a
restriction enzyme “cocktail” to produce essentially random
nicks or breaks in a double-stranded nucleic acid.

b. Chemical Methods

Single-strand breaks can also be produced using hydroxyl
radicals generated by a number of methods including treat-
ment with Fenton reaction reagents (a metal 1on chelating
agent, icluding, but not limited to EDTA and EGTA, a
divalent metal ion, including, but not limited to, Fe**, Ca**,
Cu** and Zn**, a peroxide and a reducing agent, for example
Fe**/EDTA/H,Q., with sodium ascorbate), or gamma irra-
diation. The primary products of radical cleavage are ran-
domly-positioned nicks or gaps, usually with 3' phosphate
groups. Therefore the DNA must be processed before the
sites can be used to prime DNA synthesis (see Section 3
below).
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In addition, a number of chemical compounds, particu-
larly dyes, are known to produce hydroxyl radicals upon
exposure to certain wavelengths of light.

¢. Physical/Mechanical Methods

There are a number of physical and mechanical methods
which are known to produce random single- and double-
stranded breaks 1n nucleic acids. For example, it has long
been known that subjecting DNA to hydrodynamic shear can
produce random breaks in the DNA molecule. Additionally,
sonication can be used, at various power levels, to produce
random breaks or nicks in a nucleic acid molecule. Another
method that 1s contemplated for use in the present invention
to produce random nicks or breaks 1s nebulization, which 1s
contacting the nucleic acid molecule with gas or air bubbles.
Furthermore, repeated freezing and thawing of nucleic acids
can produce random nicks or breaks.

3. Conditioning Nick to Generate 3' Hydroxyl Group

All polymerases studied require 3' ends with hydroxyl
groups 1n order to incorporate new nucleotides. Therelore
breaks 1 the DNA that do not originally contamn 3' OH
groups have to be conditioned to possess 3' OH groups
betore strand elongation can be performed. One method to
condition the 3' end 1s to incubate the DNA 1n the presence
of a 3' exonuclease such as £. coli exonuclease I1I, or a DNA
polymerase that possesses 3' to 3' exonuclease activity. This
invention anticipates discovery or engineering of DNA
polymerases able to remove nucleotides that do not have 3

OH groups from the 3' ends of DNA strands.

4. Extension of Break or Nick to Form Single-Stranded
Gap

In certain aspects of the mvention, a nick or break 1n the
nucleic acid must be extended to form a gap, for example for
insertion ol bases by a DNA polymerase that lacks strand
displacement or 5' to 3' exonuclease activity, such as T4
DNA polymerase, or to create a site for primer binding.

A preferred enzyme for use in this aspect of the mnvention
1s exonuclease III, which can extend a nick or break to form
small or large gaps, as desired for the particular application.
The exonuclease III reaction 1s allowed to proceed for a
short time to produce small gaps, and longer for larger gaps.

5. Creation of Blunt End

In particular aspects of the invention, a double-stranded
break 1s required that i1s blunt. A number of restriction

endonucleases are known that produce blunt ends, including,
but not limited to, Alul, Cvill, BstUI, Dpnl, Haelll, Rsal,

Sspl, Eco47Ill, Stul, Scal, Pmll, BsaAl, Pvull, MspAll,
Ecl13611, EcoRYV, Smal, Nael, Ehel, Bst11071, Hincll, Hpal,
SnaBI, Nrul, Fspl, Mscl and Dral. These enzymes can be
used 1n conjunction with phosphatases, such as bacterial
alkaline phosphatase, calf-intestinal alkaline phosphatase or
shrimp alkaline phosphatase, to remove the phosphate
groups present at the blunt sites.

B. Double-Stranded Templates

Template DNA can be any double-stranded DNA mol-
ecule including, but not limited to native chromosomal or
extrachromosomal DNA from any organism, DNA cloned
into a bacterial plasmid or virus, plasmids or RF forms of
viral DNA, double stranded amplification products, includ-
ing PCR™ products, and artificially synthesized DNA.
Linear and circular DNA of all double-stranded conforma-
tions 1solated by any technique and of any purity can be
used. Although in certain aspects of the invention it 1s
preferred that the template DNA be essentially free from
nicks or gaps, DNA samples that do not originally meet this
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requirement can be treated to remove such defects. Nicks in
DNA occur after long-term storage or repeated cycles of
freezing and thawing; these defects can be repaired by
incubating the DNA with a DNA ligase such as that from
bacteriophage T4, or by incubation with a combination of
enzymes that repair such defects, as described herein. Gaps
can be repaired by imncubation with T4 DNA polymerase and
ligase.

The fact that the template DNA molecules are double-
stranded obviates the problems with unusual secondary
structures. Moreover, the fact that the product molecules are
double-stranded allows long stretches of the product DNA to
be subsequently cleaved using restriction enzymes into
fragments sufliciently small that they can be subjected to
automated sequencing 1n commercially available sequena-
tors (e.g. those made by ABI, Pharmacia, and other compa-
nies).

In certain aspects of the invention, the double-stranded
nucleic acid template 1s a restriction fragment from a larger
nucleic acid precursor. Restriction enzymes can be used to
cut the DNA at sequence specific sites. At least one hundred
of these cleavage reagents are commercially available and
are able to make double-strand scissions in the DNA 1n short
times. Additionally, other enzymes that cleave DNA in a
specific location can be used, for example intron encoded
endonucleases such as I-Ceul, I-Ppol, I-Tlil and I-Scel, are
contemplated for use. In addition to these natural sequence
specific endonucleases there are a number of chemical
reagents developed to make specific breaks 1n DNA (Strobel

and Dervan, 1992; Grant and Dervan, 1996).
2. Amplification Techniques

Nucleic acids used as a template for amplification can be
isolated from cells according to standard methodologies
(Sambrook et al., 1989). The nucleic acid may be genomic
DNA or fractionated or whole cell RNA. Where RNA 1s
used, 1t may be desired to convert the RNA to a comple-
mentary DNA. In one embodiment, the RNA 1s whole cell
RINA and 1s used directly as the template for amplification.

Pairs of primers that selectively hybridize to a specific
nucleic acid template are contacted with the 1solated nucleic
acid under conditions that permit selective hybridization.
The term “primer”, as defined herein, 1s meant to encompass
any nucleic acid that i1s capable of priming the synthesis of
a nascent nucleic acid i a template-dependent process.
Typically, primers are oligonucleotides from ten to twenty
base pairs 1n length, but longer sequences can be employed.
Primers may be provided in double-stranded or single-
stranded form, although the single-stranded form 1s pre-
terred.

Once hybridized, the nucleic acid:primer complex 1s
contacted with one or more enzymes that facilitate template-
dependent nucleic acid synthesis. Multiple rounds of ampli-
fication, also referred to as “cycles,” are conducted until a
suilicient amount of amplification product 1s produced.

In certain aspects of the invention, the amplification
product 1s detected. In certain applications, the detection
may be performed by visual means. Alternatively, the detec-
tion may 1nvolve indirect identification of the product via
chemiluminescence, radioactive scintigraphy of incorpo-
rated radiolabel or fluorescent label or even via a system
using electrical or thermal impulse signals (Aflymax tech-

nology).
A number of template dependent processes are available

to amplily the marker sequences present 1n a given template
sample. One of the best known amplification methods 1s the
polymerase chain reaction (referred to as PCR™) which 1s
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described 1n detail 1n U.S. Pat. Nos. 4,683,195, 4,683,202
and 4,800,159, and each mcorporated herein by reference 1n
entirety.

Briefly, in PCR™, two primer sequences are prepared that
are complementary to regions on opposite complementary
strands of the marker sequence. An excess of deoxynucleo-
side triphosphates are added to a reaction mixture along with
a DNA polymerase, e.g., Taq polymerase. If the marker
sequence 1s present 1n a sample, the primers will bind to the
marker and the polymerase will cause the primers to be
extended along the marker sequence by adding on nucle-
otides. By raising and lowering the temperature of the
reaction mixture, the extended primers will dissociate from
the marker to form reaction products, excess primers will
bind to the marker and to the reaction products and the
process 1s repeated.

A reverse transcriptase PCR amplification procedure may
be performed in order to quantily the amount of mRNA
amplified. Methods of reverse transcribing RNA into cDNA
are well known and described 1n Sambrook et al., 1989.
Alternative methods for reverse trascription utilize thermo-
stable, RNA-dependent DNA polymerases. These methods
are described in WO 90/07641, filed Dec. 21, 1990, incor-
porated herein by reference. Polymerase chain reaction
methodologies are well known 1n the art.

Another method for amplification 1s the ligase chain
reaction (“LCR”), disclosed in EPA No. 320 308, incorpo-
rated herein by reference 1n 1ts enftirety. In LCR, two
complementary probe pairs are prepared, and in the presence
of the target sequence, each pair will bind to opposite
complementary strands of the target such that they abut. In
the presence of a ligase, the two probe pairs will link to form
a single umt. By temperature cycling, as in PCR, bound
ligated umits dissociate from the target and then serve as
“target sequences” for ligation of excess probe pairs. U.S.
Pat. No. 4,883,750 describes a method similar to LCR for
binding probe pairs to a target sequence.

Qbeta Replicase, described in PCT Application No. PCT/
USRK7/00880, incorporated herein by reference, may also be
used as still another amplification method in the present
invention. In this method, a replicative sequence of RNA
that has a region complementary to that of a target 1s added
to a sample 1 the presence of an RNA polymerase. The
polymerase will copy the replicative sequence that can then
be detected.

An 1sothermal amplification method, 1n which restriction
endonucleases and ligases are used to achieve the amplifi-
cation of target molecules that contain nucleotide 5'-[alpha-
thio]-triphosphates 1n one strand of a restriction site may
also be useful in the amplification of nucleic acids 1n the
present 1nvention.

Strand Displacement Amplification (SDA) 1s another
method of carrying out 1sothermal amplification of nucleic
acids which involves multiple rounds of strand displacement
and synthesis, 1.e., nick translation. A similar method, called
Repair Chain Reaction (RCR), involves annealing several
probes throughout a region targeted for amplification, fol-
lowed by a repair reaction in which only two of the four
bases are present The other two bases can be added as
biotinylated denivatives for easy detection. A similar
approach 1s used i SDA. Target specific sequences can also
be detected using a cyclic probe reaction (CPR). In CPR, a
probe having 3' and 5' sequences of non-specific DNA and
a middle sequence of specific RNA 1s hybridized to DNA
that 1s present 1n a sample. Upon hybridization, the reaction
1s treated with RNase H, and the products of the probe
identified as distinctive products that are released after
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digestion. The orniginal template 1s annealed to another
cycling probe and the reaction 1s repeated.

Still another amplification methods described 1 GB
Application No. 2 202 328, and in PCT Application No.
PCT/US89/01025, each of which 1s incorporated herein by
reference 1n 1ts entirety, may be used in accordance with the
present invention. In the former application, “modified”
primers are used in a PCR-like, template- and enzyme-
dependent synthesis. The primers may be modified by
labeling with a capture moiety (e.g., biotin) and/or a detector
moiety (e.g., enzyme). In the latter application, an excess of
labeled probes are added to a sample. In the presence of the
target sequence, the probe binds and 1s cleaved catalytically.
After cleavage, the target sequence 1s released intact to be
bound by excess probe. Cleavage of the labeled probe
signals the presence of the target sequence.

Other nucleic acid amplification procedures include tran-
scription-based amplification systems (TAS), including
nucleic acid sequence based amplification (NASBA) and
3SR Gingeras et al., PCT Application WO 88/10315, incor-
porated herein by reference. In NASBA, the nucleic acids
can be prepared for amplification by standard phenol/chlo-
roform extraction, heat denaturation of a clinical sample,
treatment with lysis bufler and minispin columns for 1sola-
tion of DNA and RNA or guanidinium chloride extraction of
RNA. These amplification technmiques involve annealing a
primer which has target specific sequences. Following poly-
merization, DNA/RNA hybrids are digested with RNase H
while double stranded DNA molecules are heat denatured
again. In either case the single stranded DNA 1s made fully
double stranded by addition of second target specific primer,
followed by polymerization. The double-stranded DNA
molecules are then multiply transcribed by an RNA poly-
merase such as T7 or SP6. In an 1sothermal cyclic reaction,
the RNA’s are reverse transcribed into single stranded DNA,
which 1s then converted to double stranded DNA, and then
transcribed once again with an RNA polymerase such as 17
or SP6. The resulting products, whether truncated or com-
plete, indicate target specific sequences.

Davey et al., EPA No. 329 822 (incorporated herein by
reference 1n its entirety) disclose a nucleic acid amplification
process 1volving cyclically synthesizing single-stranded
RNA (*ssRNA”), ssDNA, and double-stranded DNA (ds-
DNA), which may be used 1n accordance with the present
invention. The ssRNA 1s a template for a first primer
oligonucleotide, which 1s elongated by reverse transcriptase
(RNA-dependent DNA polymerase). The RNA 1s then
removed from the resulting DNA:RNA duplex by the action
of ribonuclease H (RNase H, an RNase specific for RNA 1n
duplex with erther DNA or RNA). The resultant ssDNA 1s a
template for a second primer, which also includes the
sequences ol an RNA polymerase promoter (exemplified by
T7 RNA polymerase) 3' to 1ts homology to the template.
This primer 1s then extended by DNA polymerase (exem-
plified by the large “Klenow” fragment of £. coli DNA
polymerase I), resulting in a double-stranded DNA (*ds-
DNA”) molecule, having a sequence 1dentical to that of the
original RNA between the primers and having additionally,
at one end, a promoter sequence. This promoter sequence
can be used by the appropriate RNA polymerase to make
many RNA copies of the DNA. These copies can then
re-enter the cycle leading to very swilt amplification. With
proper choice ol enzymes, this amplification can be done
isothermally without addition of enzymes at each cycle.
Because of the cyclical nature of this process, the starting
sequence can be chosen to be 1n the form of either DNA or

RNA.
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Miller et al., PCT Application WO 89/06700 (incorpo-
rated herein by reference 1n 1ts entirety) disclose a nucleic
acid sequence amplification scheme based on the hybridiza-
tion of a promoter/primer sequence to a target single-
stranded DNA (“ssDNA”) followed by transcription of
many RNA copies of the sequence. This scheme 1s not
cyclic, 1.e., new templates are not produced from the result-

ant RNA transcripts. Other amplification methods include
“RACE” and “one-sided PCR” (Frohman, M. A., In: PCR

PROTOCOLS: A GUIDE TO METHODS AND APPLICA-
TIONS, Academic Press, N.Y., 1990 incorporated by refer-
ence).

Methods based on ligation of two (or more) oligonucle-
otides 1n the presence of nucleic acid having the sequence of
the resulting “di-oligonucleotide”, thereby amplifying the
di-oligonucleotide, may also be used 1n the amplification
step of the present invention.

Following any amplification, 1t may be desirable to sepa-
rate the amplification product from the template and the
excess primer for the purpose of determining whether spe-
cific amplification has occurred. In one embodiment, ampli-
fication products are separated by agarose, agarose-acryla-

mide or polyacrylamide gel electrophoresis using standard
methods (Sambrook et al., 1989).

Alternatively, chromatographic techniques may be
employed to ellect separation. There are many kinds of
chromatography which may be used in the present 1nven-
tion: adsorption, partition, 1on-exchange and molecular
sieve, and many specialized techniques for using them
including column, paper, thin-layer and gas chromatogra-
phy.

C. Effective Polymerases

Suitable polymerases are those DNA polymerases that
demonstrate a relatively rapid rate of synthesis and can
prime synthesis from a 3' hydroxyl group. In certain aspects
of the invention, polymerases having a 3'-3' exonuclease
activity to degrade one of the template strands are preferred.
In other aspects of the invention, polymerases which possess
strand displacement activity, whether or not they have 5' to
3' exonuclease activity, are preferred. And 1n particular
embodiments, polymerases that have neither 5' to 3' exonu-
clease activity nor strand displacement activity are pre-
ferred.

In principle, the enzymes for use 1n the present invention
could have an associated 3' to 3' exonuclease (“prooiread-
ing”’) activity, which might improve the ability to sequence
very large molecules of DNA. All of the enzymes listed
herein below (except Tag DNA polymerase, Tth DNA poly-
merase, THl DNA polymerase, Bst DNA polymerase, Vent,
(ex0), Deep VentR (exo0), E. coli DNA polymerase I Klenow
fragment and DNA polymerase 1 (pol 1) from M. tubercu-
losis) seem to have this proof reading activity.

Optimization of any of the polymerases listed herein
below 1s contemplated 1n the present invention. Optimiza-
tion of the polymerases involves testing different poly-
merases and mutants thereof under the conditions of the
sequencing reactions. Indeed, rate of synthesis, fidelity of
incorporation of natural nucleotides and nucleotide analogs,
and length of the synthesized strands can be adjusted using
standard methods (e.g. changing salt conditions, nucleotide
triphosphate compositions and concentrations, temperature,
time, etc.) known to those familiar with the art of sequenc-
ing. Directed mutagenesis of the polymerase 1s also well-
known 1n the art. Such genetically engineered enzymes can
be endowed with both the ability to tolerate a wider range of
reaction conditions and improved sequencing product yield.
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With regard to genetically engineered enzymes, the
present invention specifically contemplates polymerases
modified according to the teachings of Tabor and Richard-
son, EP 0 655 506 B1, hereby incorporated by reference.
Such modifications comprise mutations to the binding site
which results 1n better incorporation of dideoxynucleotides
(as compared to unmodified polymerases), while retaining
other favorable activities.

1. Polymerases having 3' to 3' Exonuclease Activity

In certain aspects of the present invention, polymerases
having 5' to 3' exonuclease activity are preferred for use.
Examples of polymerases known to have 5' to 3' exonuclease
activity include, but are not limited to £. coli DNA poly-
merase I (Kornberg and Baker, 1992), DNA polymerase
from ZThermus aquaticus (hereinafter “Taqg DNA poly-
merase”), which 1s a thermostable enzyme having 35'-3'
exonuclease activity but no detectable 3'-5" activity (Longley
et al., 1990; Holland et al., 1991), ATag DNA polymerase
(Barnes, 1992; commercially available from United States
Biochemical), DNA polymerase I (pol A) from S. preumo-
niae (Lopez et al., 1989), Tl DNA polymerase from 7her-
mus flavus (Akhmetzjanov and Vakhitov, 1992), DNA poly-
merase I (pol 1) from D. radiodurans (Gutman et al., 1993),
Tth from Thermus thermophilus (Myers and Gelfand, 1991),
recombinant Tth XL from Thermus thermophilus (Ccommer-
cially available from Perkin-Elmer), DNA polymerase I (pol
I) from M. tuberculosis (Hirnyanna and Ramakrishnan,
1981), DNA polymerase I (pol I) from M. thermoautotrophi-
cum (Klimczak et al, 1986), wild-type (unmodified) T7
DNA polymerase (Hor1 et al., 1979; Engler et al., 1983,
Nordstrom et al., 1981), and DNA polymerase 1 (UL30)
from herpes simplex virus (Crute and Lehman, 1989).

2. Polymerases having Strand Displacement Activity

In certain aspects of the mvention, 1n addition to those
polymerases listed above, polymerases that have strand
displacement activity but lacking 3' to 3' exonuclease activ-
ity are preferred for use. Polymerases that lack 5' to 3
exonuclease activity include, but are not limited to, E. coli
DNA polymerase 1 Klenow fragment (Jacobsen et al., 1974),
modified T7 DNA polymerase (Sequenase®, commercially
availlable from United States Biochemical; Tabor and Rich-
ardson, 1989, 1990), DNA polymerase large fragment from
Bacillus stearothermophilus (commercially available from
New England BioLabs), Thermococcus litoralis DNA poly-
merase (Vent,® DNA polymerase, commercially available
from New England BioLabs; Mattila et al., 1991; Eckert and
Kunkel, 1991), Thermococcus litoralis DNA polymerase
modified to eliminate the 3' to 5' exonuclease activity
(Vent,® (exo) DNA polymerase, commercially available
from New England BioLabs; Kong et al., 1993), Pyrococcus
species GB-D DNA polymerase (Deep Vent,™ DNA poly-
merase, commercially available from New England
BiolLabs), Pyrococcus species GB-D DNA polymerase
modified to eliminate the 3' to 5' exonuclease activity (Deep
Vent,,™ (exo) DNA polymerase, commercially available
from New FEngland BiolLabs), and ThermoSequenase®
DNA polymerase (commercially available from Amer-
sham).

[l

3. Polymerases Eflective with Gapped Templates

In addition to those polymerases discussed above, poly-
merases such as T4 DNA polymerase, which do not have
either 5' to 3' exonuclease activity or strand displacement
activity, are eflective polymerases 1n aspects of the invention
where gapped templates are used. All polymerases capable
of synthesis using a 3' hydroxyl group as a primer are
suitable for use in these aspects of the imvention.
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4. Engineered Polymerases

Additionally, the present invention contemplates optimi-
zation of any of the polymerases listed herein above. Tech-
niques for directed mutagenesis of DNA polymerases 1s
well-known 1n the art. Such genetically engineered enzymes
can be endowed with both the ability to tolerate a wider
range of reaction conditions and improved sequencing prod-
uct yield. With regard to genetically engineered enzymes,
the present imnvention specifically contemplates polymerases
modified according to the teachings of Tabor and Richard-
son, EP 0 655 506 B1, hereby incorporated by reference.

Site-specific mutagenesis 1s a technique useful in the
preparation of modified proteins or peptides, through spe-
cific mutagenesis of the underlying DNA. The technique,
well-known to those of skill i the art, further provides a
ready ability to prepare and test sequence variants, for
example, mcorporating one or more of the foregoing con-
siderations, by introducing one or more nucleotide sequence
changes into the DNA. Site-specific mutagenesis allows the
production of mutants through the use of specific oligo-
nucleotide sequences which encode the DNA sequence of
the desired mutation, as well as a suflicient number of
adjacent nucleotides, to provide a primer sequence of sui-
ficient size and sequence complexity to form a stable duplex
on both sides of the deletion junction being traversed.
Typically, a primer of about 14 to about 25 nucleotides 1n
length 1s preterred, with about 5 to about 10 residues on both
sides of the junction of the sequence being altered.

In general, the technique of site-specific mutagenesis 1s
well known 1n the art, as exemplified by various publica-
tions. As will be appreciated, the techmique typically
employs a phage vector which exists 1 both a single
stranded and double stranded form. Typical vectors useful 1n
site-directed mutagenesis include vectors such as the M13
phage. These phage are readily commercially-available and
their use 1s generally well-known to those skilled 1n the art
Double-stranded plasmids are also routinely employed 1n
site directed mutagenesis which eliminates the step of trans-
ferring the gene of interest from a plasmid to a phage.

In general, site-directed mutagenesis 1n accordance here-
with 1s performed by first obtaining a single-stranded vector
or melting apart of two strands of a double-stranded vector
which includes within its sequence a DNA sequence which
encodes the desired polymerase to be modified. An oligo-
nucleotide primer bearing the desired mutated sequence 1s
prepared, generally synthetically. This primer 1s then
annealed with the single-stranded vector, and subjected to
DNA polymenzing enzymes such as £. coli polymerase I
Klenow fragment, in order to complete the synthesis of the
mutation-bearing strand. Thus, a heteroduplex 1s formed
wherein one strand encodes the original non-mutated
sequence and the second strand bears the desired mutation.
This heteroduplex vector 1s then used to transform appro-
priate cells, such as E. coli cells, and clones are selected
which include recombinant vectors bearing the mutated
sequence arrangement.

The preparation of sequence variants of the polymerase-
encoding DNA segments using site-directed mutagenesis 1s
provided as a means of producing potentially useful species
and 1s not meant to be limiting as there are other ways 1n
which sequence variants of polymerases and the DNA
sequences encoding them may be obtained. For example,
recombinant vectors encoding the desired polymerase
sequence may be treated with mutagenic agents, such as
hydroxylamine, to obtain sequence variants. Specific details
regarding these methods and protocols are found in the
teachings of Maloy et al., 1994; Segal, 1976; Prokop and
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Bajpai, 1991; Kuby, 1994; and Maniatis et al., 1982, each
incorporated herein by reference, for that purpose.

As one 1llustrative example of the protocols which are
known to those of skill in the art for making mutants, the
PCR™-based strand overlap extension (SOE) (Ho et al.,
1989) for site-directed mutagenesis 1s particularly preferred
for site-directed mutagenesis of the polymeraes to be modi-
fied. The techniques of PCR™ are well-known to those of
skill 1n the art, as described herein. The SOE procedure
involves a two-step PCR™ protocol, in which a comple-
mentary pair of internal primers (B and C) are used to
introduce the appropriate nucleotide changes 1nto the wild-
type sequence. In two separate reactions, flanking PCR™
primer A (restriction site incorporated into the oligo) and
primer D (restriction site incorporated into the oligo) are
used 1n conjunction with primers B and C, respectively to
generate PCR™ products AB and CD. The PCR™ products
are purifled by agarose gel electrophoresis and the two
overlapping PCR™ fragments AB and CD are combined
with flanking primers A and D and used in a second PCR™
reaction. The amplified PCR™ product 1s agarose gel puri-
fied, digested with the appropriate enzymes, ligated nto an
expression vector, and transformed mnto £. coli JM101,
XL1-Blue™ (Stratagene, Lalolla, Calit.), JM105, or TGI
(Carter et al., 1985) cells. Clones are isolated and the
mutations are confirmed by sequencing of the 1solated
plasmids.

D. Extension

In most aspects of the invention, an extension reaction 1s
performed before termination. The extension reaction results
in incorporation of deoxynucleotides and certain deoxy-
nucleotide analogs. In a most general sense, a standard
extension reaction includes each of the four “standard”
deoxynucleotide triphosphates: dATP, dCTP, dGTP and
dTTP, however, 1n certain embodiments of the invention,
one, two or three deoxynucleotides are used in the extension
reaction. Additionally, 1n certain preferred aspects described
in detail herein, dUTP 1s included in the extension reaction
(or 1n the primer for use in an amplification reaction) to
provide a substrate for enzymes, such as uracil DNA gly-
cosylase, to produce an abasic site at one or more positions
in the nucleic acid. These abasic sites can be converted to
nicks or breaks through heat, base treatment, or treatment
with additional enzymes, such as endonuclease IV and/or
endonuclease V. In other aspects of the invention described
in detail herein below, one or more deoxynucleotide phos-
phorothioates or boranophosphates are included 1n the
extension reaction.

Another preferred aspect of the present mvention con-
cerns the use of one or more deoxynucleotide precursors that
have a detectable label, or an i1solation or immobailization
tag. Preferred labels and tags are described 1n detail herein
below.

E. Termination

In certain embodiments of the present invention, the
Strand Replacement reactions are terminated by incorpora-
tion of a dideoxyribonucleotide nstead of the homologous
naturally-occurring nucleotide. This terminates growth of
the new DNA strand at one of the positions that was
formerly occupied by dA, dT, dG, or dC by incorporating
ddA, ddT, ddG, or ddC. In principle the reaction can be
terminated using any suitable nucleotide analogs that pre-
vent continuation of DNA synthesis at that site. For certain
applications, such as the determination of the length of
telomeres, the polymerization reaction can be terminated
when the polymerase cannot msert a particular nucleotide,
because it 1s missing from the reaction mixture.
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Polymerization can also be terminated specific distances
from the priming site by inhibiting the polymerase a specific
time alter initiation. For example, under specific conditions
Tag DNA polymerase 1s capable of strand replacement at the
rate of 250 bases/min, so that arrest of the polymerase after
10 min occurs about 2500 bases from the initiation site. This
strategy allows for pieces of DNA to be 1solated from
different locations in the genome.

F. Cleavage

Because all of the template and synthetic DNA remains
double-stranded, except at the site of termination, where
there 1s a nick or small gap, restriction enzymes can be used
to cut the DNA at sequence specific sites. At least one
hundred of these cleavage reagents are commercially avail-
able and are able to make double-strand scissions in the
DNA 1n short times. In addition to these natural sequence
specific endonucleases there are a number of chemical

reagents developed to make specific breaks 1n DNA (Strobel
and Dervan, 1992; Grant and Dervan, 1996).

G. Tags/Labels

In preferred aspects of the ivention, the nucleic acid
template and/or the synthesized strand 1includes one or more
detectable label and/or 1solation or immobilization tag. Use
of these labels and tags 1n a variety of different embodiments
of the mvention are detailed herein.

1. Isolation Tags

In certain aspects of the invention, the nucleic acids
comprise a tag that can be used to 1solate and/or immobilize
the nucleic acids having the tag. Aflinity labels (e.g., biotin/
streptavidin; hapten/antibody complexes, with common
haptens being digoxigenin, fluorescein, BrdU; triplex-form-
ing sequences, thiol groups, and sequence-specific DNA
binding proteins (e.g., lac repressor)) are preferred 1n certain
embodiments.

Substrates used to immobilize the nucleic acids include,
but are not limited to, surfaces ol microwell plates, centri-
fuge tubes, streptavidin-conjugated paramagnetic particles,
streptavidin-conjugated, filters, and chromatographic media
containing thiol groups, metal 10ns, streptavidin, antibodies.

2. Detectable Labels

Another embodiment of the invention comprises nucleic
acids labeled with a detectable label. Label may be incor-
porated at a 5' terminal site, a 3' terminal site, or at an
internal site within the length of the nucleic acid. Preferred
detectable labels include a radioisotope, a stable 1sotope, an
enzyme, a fluorescent chemical, a luminescent chemaical, a
chromatic chemical, a metal, an electric charge, or a spatial
structure. There are many procedures whereby one of ordi-
nary skill can incorporate detectable label ito a nucleic
acid. For example, enzymes used in molecular biology will
incorporate radioisotope labeled substrate into nucleic acid.
These include polymerases, kinases, and transierases.

Preferably, the nucleic acids are labeled with one or more
fluorescent dyes, e.g. as disclosed 1n U.S. Pat. No. 5,188,934
and PCT application PCT/US90/055635. In other aspects of
the invention, aflinity labels (groups that can be bound to
detectable groups, e.g., biotin/streptavidin; hapten/antibody
with common haptens being digoxigenin, fluorescein, BrdU,
thiol groups) are used. Additionally, chemiluminescent and
chemitluorescent labels, and enzymatic labels, such as alka-
line phosphatase, glucose oxidase, luciferase, green tluores-
cent protein, [3-glucuronidase and p-galactosidase are pre-
terred 1n certain aspects of the invention. In other aspects of
the invention, the labeling isotope is preferably, °“P, S,
14Cj or 1251

The nucleic acids of the mvention can be labeled 1n a
variety of ways, including the direct or indirect attachment
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of radioactive moieties, fluorescent moieties, colorimetric
moieties, and the like. Many comprehensive reviews of
methodologies for labeling DNA and constructing DNA
probes provide guidance applicable to constructing probes
of the present invention. Such reviews include Matthews et
al. (1988); Haugland (1992); Keller and Manak (1993); and
Eckstemn (1991); and Wetmur (1991). Additional method-
ologies applicable to the invention are disclosed 1n Connolly
(1987); Gibson et al. (1987); Spoat et al. (1987); U.S. Pat.
Nos. 4,757,141; 5,151,507; 5,091,519; Jablonski et al.
(1986); and U.S. Pat. No. 5,124,246. Attachment sites of
labeling moieties are not critical in embodiments relying on
probe labels to 1dentify nucleotides in the target polynucle-
otide, provide that such labels do not interfere with the
strand replacement or nmick formation steps. In particular,
dyes may be conveniently attached to the end of the probe
distal to the target polynucleotide on either the 3' or 5
termini of strands making up the probe, e.g. Eckstein (cited
above), Fung (cited above), and the like. In some embodi-
ments, attaching labeling moieties to interior bases or inter-
nucleoside linkages may be preferred.

The label may be directly or indirectly detected using
scintillation fluid or a Phosphorlmager, chromatic or fluo-
rescent labeling, or mass spectrometry. Other, more
advanced methods of detection include evanescent wave
detection of surface plasmon resonance of thin metal film
labels such as gold, by, for example, the BIAcore sensor sold
by Pharmacia, or other suitable biosensors.

II. Sequencing Methods

In certain aspects, the present invention can be considered
to be an improvement over the standard Sanger method of
DNA sequencing. As noted above, the Sanger enzymatic
method (1.e., dideoxy chain termination method) requires a
DNA polymerase enzyme to elongate a short primer DNA
that 1s hybridized to a single-stranded template. In other
words, current Sanger DNA sequencing protocols require
that double-stranded DNA for sequencing first be denatured
to enable the primer to bind to the priming site (Murphy,
1993). By contrast, the present invention does not contem-
plate denaturation of the double-stranded template; rather,
sequencing can be carried out directly on the double-
stranded template.

The Sanger technique involves 1) denaturation to generate
single-stranded DNA, 2) hybridization of an oligonucleotide
primer to a unique site of known sequence on the single-
stranded DNA, 3) extension of the primer using Taq, 17, or
other DNA polymerase to generate a double-stranded prod-
uct, 4) termination of the synthesis at specific bases by using,
terminating agents [e.g., incorporating specific dideoxyribo-
nucleotides (ddNTPs)], 5) denaturation of the double-
stranded product, and 6) electrophoresis of the denatured
DNA to separate the molecules by size. If synthesis is
performed with all four ANTPs (nucleic acid precursors) and
terminated with labeled ddATP then the strands synthesized
will all begin with 5' end of the primer and end at different
positions where dideoxyriboadenosine has been incorpo-
rated 1n place of adenosine. In this case the distribution of
fragment lengths reflect the spatial distribution of thymidine
along the template strand. To determine the positions of each
of the other three bases, separate reactions can be done to
incorporate ddTTP, ddCTP, and ddGTP. For detection the
synthetic DNA can be detected by hybnidization, incorpo-
ration of labeled primers, incorporation of labeled nucle-
otides, or mcorporation of labeled dideoxyribonucleotides.
When fluorescently tagged dideoxyribonucleotides with dii-
terent tluorescent spectra are used to terminate synthesis a
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laser can be used to distinguish between DNA molecules
terminated with each of the four ddNTPs, such that only a
single primer extension reaction and single electrophoresis
lane needs to be run to determine the position of all four
bases.

An mmportant disadvantage of the current Sanger method
1s that certain sequences (such as strings ol guanine) are
dificult to sequence due to the propensity of some sequences
to form intramolecular and intermolecular secondary struc-
ture, which causes the polymerase to terminate prematurely
or to add an incorrect dideoxyribonucleotide. In addition
cach sequencing reaction 1s only able to determine the
sequence of only 400-800 nucleotides immediately adjacent
to the primer. The present invention provides a method for
overcoming both problems.

The method of the present invention represents an
enhancement of the Sanger Method. Using a suitable poly-
merase (described 1n more detail below), the present inven-
tion allows for the sequencing of undenatured, double-
stranded DNA. In one embodiment, the process involves a
controlled “nicking” of one strand of the double-stranded
template followed by a strand replacement (SR).

A. Specific Nicking

1. Nick Translation

The strand replacement method of the present invention
can be used to sequence a variety of templates. Such
templates, include, but are not limited to, circular double-
stranded templates and linear double-stranded templates
produced by restriction or PCR™ amplification.

a. Parallel Sequencing of Multiple Restriction Fragments
from Circular DNA

One embodiment of the mvention 1s schematically shown
in FIG. 1, FIG. 2, and FIG. 3. In this embodiment, the DNA
to be sequenced 1s cloned 1nto a special vector having the
following features: 1) a relatively rare endonuclease recog-
nition site (I-Sce I sites) on each side of the msert, 2) a single
nick site (11 gene II site) on one side of the msert such that
the 3' end of the nick 1s oniented toward the 1nsert, and 3) the
isert (1.e. the DNA to be sequenced). In this embodiment,
no oligonucleotide primer 1s used.

The 11 gene product II (hereinafter “gpll” or “f1 endo-
nuclease”) produces a sequence specific, strand-specific nick
that can prime DNA synthesis by £. coli pol 1 (Meyer and
Geider, 1979). This process requires a core sequence of
about 350 bp on the template DNA (Dotto and Zinder, 1984).
In the presence of 5 mM Mg, gpll micks about 50% of
supercoiled plasmid and relaxes the other half. The entire 11
intergenic region 1s the origin of replication of 11 phage, and
has been cloned mto a number of commercially available
vectors (e.g. pSPORT available from Life Technologies). A
mutant gpll (G73A) has been cloned, overexpressed, and
studied (Higashitani et al., 1992). This mutant protein has a
relaxed requirement for plasmid supercoiling, produces
mainly nicks rather than relaxed circles, and binds more
cooperatively to the core site.

The plasmid (FIG. 1) 1s first digested with an enzyme (e.g.
the I 1 gene II product) which makes a strand-specific nick
(1.e., a nick at one site on one of the stands of the double-
stranded plasmid) at a specific recognition sequence, and
then digested with the restriction enzyme corresponding to
the endonuclease recognition sites (e.g., I-Sce I which 1s a
commercially available 18-base specific endonuclease). Taq
polymerase, dATP, dTTP, dGTP, and dCTP along with
optimized concentrations of the four labeled (e.g. tluores-
cently-labeled) dideoxyribonucleotides ddATP*, ddTTP*,
ddGTP*, and ddCTP* are added and a strand replacement

reaction 1s begun to synthesize a new DNA strand (shown
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bold 1n FIG. 2) complementary to one strand of the template
DNA. Whenever a ddNTP 1s incorporated into the DNA, the
chain 1s terminated and labeled with the ddNTP comple-
mentary to the one strand of template (shown as large dots
in FIG. 3). This produces a distribution of double-stranded
fragments, shown in FIG. 3. These molecules are then
denatured and a sequencing ladder generated using standard
automated sequencing gels and ddN'TP detection systems.

In the case where the insert 1s too long to be sequenced on
a single gel, the I-Sce 1 fragment can be cleaved (after
reaction with Tag DNA polymerase) using other restriction
enzymes. In the case shown in FIG. 3, two restriction
enzymes (X and Y) produce eight restriction fragments to be
sequenced. The overlapping sequences from the resolved
restriction fragments will determine the entire sequence of
the 1nsert. Note that the restriction fragments can be resolved
on double-stranded gels as bands of discrete length. The
ability to fractionate DNA according to length 1s not affected
by the presence of nicks in the double-stranded DNA. As
noted above, i1t 1s well-known that double-stranded DNA
with nicks or other flexible joints forms sharp bands during
clectrophoresis (Higashitani et al, 1992). Only at the step
that a denaturing sequencing gel of each restriction fragment
1s performed will a ladder of bands at single-base intervals
be produced.

Alternative procedures could be used for many of the
steps. The strand replacement reaction could be performed
by a different polymerase, such as £. coli polymerase 1. The
restriction fragments produced by enzymes X and Y could
be separated by capillary or slab electrophoresis. The
ddNTP-terminated nucleic acids could be labeled with dii-
terent colored dyes or with radioactivity.

An example of the steps necessary to do the sequencing
of a large 1nsert would be: 1) make the nick with 1 1 gene 11
product and cleave with I-Sce I; 2) add polymerase (e.g., Taq
DNA polymerase) and nucleotide triphosphates (ANTPs and
ddNTPs) for a fixed time; 3) restrict half of the sample with
enzyme X and the other half with enzyme Y; 4) 1n parallel,
separate the X and Y restriction fragments by capillary
clectrophoresis; 5) denature each of the 1solated restriction
fragments and sequence in a conventional sequencing appa-
ratus. Steps 1-3 can be performed successively 1n the same
tube. In principle, steps 4 and 5 could be done automatically
within the sequencing device.

b. Parallel Sequencing of Multiple Restriction Fragments
from Linear DNA

In one embodiment, the strand replacement method of the
present mnvention 1s used to map the positions of bases along,
DNA of multiple restriction fragments. A double stranded
DNA template 1s used (FIG. 4A). A nick 1s made 1n one of
the strands (FIG. 4B). A strand replacement reaction 1s
mitiated (FIG. 4C). The products are generated in the
presence of termination nucleotides (4 ddN'1Ps) (FIG. 4D)
and elongation 1s thereby terminated (FIG. 4E). The prod-
ucts represent nucleic acid terminated at different sites (e.g.
different adenine sites) (FIG. 4F). Two restriction endonu-
clease cleavage reactions of the products are performed with
different enzymes (X and Y) (FIG. 4G). The restriction
fragments are fractionated according to size (FIG. 4H).
Thereatter, each fragment can be denatured and sequenced
(FIG. 41, illustrative results are shown for strand #4 from
FIG. 4H) using conventional denaturing sequencing gels.

c. Sequencing DNA Adjacent to a Series of Restriction
Sites

In certain cases, expected to occur often in DNA mol-
ecules less than about 5 kb 1n length, a number of restriction
enzymes can be found that will cleave the DNA only once
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within the unknown sequence. In these cases only one
restriction fragment will be formed, and sequencing can be
performed directly, without size fractionation. This 1s 1llus-
trated in FIG. S for a circular plasmid having an insert
containing a single Bam H1 site. Strand replacement begins
at the nick site (I1 origin site) and proceeds clockwise. By
making nicks in different strands, the sequences adjacent to
the restriction sites in both directions can be determined. A
double stranded strand replacement product can be subjected
to digestions with different restriction enzymes. The prod-
ucts from each restriction digestion can be subjected to
sequencing reactions to get sequence information from
many sites. For example, after linearization with the restric-
tion enzyme Bam H1, the products can be sequenced starting
from the Bam HI1 site. This method will also work with
linear DNA as long as the end of the DNA behind the strand
replacement polymerization 1s long enough (e.g. >1000 bp),
such that the synthesized strand containing the sequences of
the I 1 origin 1s too long to interfere with the bands produced
adjacent to the restriction site.

d. Bidirectional Sequencing Adjacent to a Series of
Restriction Sites

In another embodiment, both sides of a single internal
restriction site (clockwise and counterclockwise) are
sequenced 1n a covalently-closed circular DNA molecule. In
the presence of ethidium bromide (Kovacs et al, 1984) many
restriction endonucleases are able to mick DNA at the
recognition site. After the initial nick, no further digestion
takes place, so that most molecules have a single nick. Half
of the molecules will have a nick 1n the top strand, and the
other half a nick in the bottom strand. After removal of
cthidium bromide using standard techmiques, the mixed
population of DNA molecules i1s subjected to the strand
replacement sequencing reaction of the present invention.
Those molecules nicked 1n the top strand will synthesize
products 1n a clockwise direction; those nicked in the bottom
strand will synthesize products 1 the counterclockwise
direction. Those rare molecules that are not nicked or have
undergone double-strand scission will not mnitiate the SR
reaction. By controlling the reaction time the strand replace-
ment sequencing reaction will be allowed to proceed long
enough to progress about twice the critical length for
sequencing by gel electrophoresis (~2,000 bp). Some of the
strands will terminate at ddN'TP sites and others will termi-
nate at ~2,000 bp (for example).

Alternatively after removing the ethidium bromide, the
template DNA can be restricted at a rare restriction site
located far from the insert that 1s being sequenced (the
external restriction site). Alter the SR reaction, the products
are cleaved again with the first restriction site, which cuts at
the internal site, and also at the external site (if not cut
previously). Now the sample consists of a mixture of two
double-stranded restriction fragments, one carrying the
strand replacement products synthesized clockwise from the
internal restriction site and the second carrying the strand
replacement products synthesized counterclockwise from
the same internal restriction site. In principle, these frag-
ments can be separated by molecular weight; however,
because 1t 1s a binary mixture, any of a number of simpler,
alhinity techniques could be used. For example, the vector
sequence to the left of the DNA insert can contain a
sequence that will bind to a special triplex forming oligo-
nucleotide or other sequence-specific DNA binding mol-
ecule (Hacia et al., 1994; Pilch et al., 1996; Trauger et al.,
1996) that contains a chemical tag that can be aflinity
immobilized. The chemical tag allows for immobilization of

the DNA binding molecule and attached DNA (1n this case,
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the double-stranded restriction fragment to the left of the
restriction site). In the case of a specific tag, such as a
triplex-forming biotinylated oligonucleotide, one of the two
double-stranded DNA molecules can be immobilized on a
streptavidin-coated surface (e.g. beads). The free DNA can
be loaded on the one lane of a sequencing gel and analyzed
to sequence the bases located clockwise from the internal
restriction site; the immobilizing surface (e.g. beads) can be
washed to remove unbound DNA, denatured, and loaded on
a different lane of the sequencing gel. Such separation has
been used previously to separate strands of denatured
PCR™-amplified DNA before conventional ddNTP

sequencing reactions (Hultman et al., 1990; Lagerqgvist et al.,
1994).

e. Sequencing of PCR™ Products

PCR™ products can be subjected to the strand replace-
ment method of the present invention. In one embodiment,
PCR™ products are sequenced by incorporating special
oligonucleotide primers for the PCR™ reaction that can be
later processed to form a mick. For example, one of the two
PCR™ primers can contain an Il origin core sequence
which can be cleaved with gpll (FIG. 7A). Alternatively, the
PCR™ products can be subjected to treatments to degrade a
tew nucleotides from the 3' termini [e.g., by use of T/ gene
6 exonuclease (FI1G. 7C), or by cleavage of dUTP present 1n
one of the primers (FIG. 7D)]. Subsequent hybridization of
an oligonucleotide primer under non-denaturing conditions
to the 3' tail of the PCR™ products will produce the priming,
site necessary for initiation of strand replacement.

Alternatively, an asymmetric PCR™ reaction can incor-
porate a phosphorothiolated nucleotide analog into one of
the two DNA strands. Certain restriction enzymes are known
to nick the normal strand of hemiphosphorothiolated DNA
(Olsen et al., 1990), schematically represented in FIG. 7B.

. Microchip Oligonucleotide Array Sequencing

Array sequencing involves hybridizing labeled unknown
DNA to an array of oligonucleotides with different
sequences. If a particular sequence (e.g., TTAGGG) occurs
within the DNA, the array position having the CCCTAA
oligonucleotide hybridizes to the unknown DNA, thereby
immobilizing the label at a specific array position. By
examiming which array positions become labeled, a com-
puter 1s able to reconstruct the sequence of the unknown

DNA.

The strand replacement method of the present invention
provides a method for overcoming this limitation by pro-
ducing groups of short DNA molecules at different distances
from the gp II nick site, as shown 1n FIG. 9. In this figure,
one embodiment of the method 1s shown for creating DNA
different distances from the nick site. In this example, dUTP,
dATP, dGTP, and dCTP are incorporated during an initial,
variable period of the strand replacement reaction, followed
by a fixed-time pulse of incorporation of dTTP, dATP, dGTP,
and dCTP. The dTTP preterably 1s labeled (e.g., a radioac-
tive label, a fluorescent label, or other suitable label). The
incorporation of dUTP 1s done for variable times, whereas
incorporation of d1TP 1s for a constant time, designed to
allow synthesis of a stable oligonucleotide short enough to
be used for oligonucleotide array sequencing located spe-
cific distances from the 11 mick site. After the strand replace-
ment reaction, the dU bases are destroyed with deoxyribou-
racil glycosylase and heat, leaving the different samples of
short, labeled nucleic acid bases to be sequenced on the
microchip oligonucleotide arrays. This specific embodiment
can be generalized to sequence DNA different distances
from any strand replacement 1nitiation site.
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2. Primer Extension from Gap or Terminal Single-
Stranded Region

In certain embodiments of the invention, an oligonucle-
otide primer can be used to provide the free 3' hydroxyl
group to mitiate the strand replacement reactions. The
primers can be annealed to gaps formed 1n the nucleic acid,
as described 1n detail herein, or to single-stranded regions at
the end of the nucleic acid molecule. These single-stranded
regions can be either naturally occurring, for example as
found in telomeres, or created, preferably enzymatically, for
example through the use of Bal 31 and T7 gene 6 exonu-
clease.

3. Ligation-Mediated Initiation

Linear restriction fragments can be produced by restric-
tion of cloned or PCR™ amplified DNA (FIG. 6, step 1). For
illustrative purposes, the DNA 1 FIG. 6 has been cleaved
with Bam HI at one end. To create an initiation point for
strand replacement at one end of such a molecule, a special
double-stranded adaptor DNA molecule 1s ligated to one end
of the restriction fragment using a ligase (including, but not
limited to E. coli ligase or T4 ligase) in such a fashion that
a nick or one base gap 1s formed. This 1s achieved, for
example, by dephosphorylating the 5' ends of the restriction
fragment (for example with calf intestinal phosphatase or
shrimp alkaline phosphatase) before the ligation reaction
(FIG. 6, steps 2 and 3), or by using a double-stranded
oligonucleotide (FIG. 6, step 4) designed with a 3' end one
base shorter than required for ligation. The 3' OH within the
resulting nick or gap serves as the iitiation point for the
strand replacement reaction. Sequence information can be
gained by analysis of the strand replacement products start-
ing from one terminus or the other, using different nicking
strategies for the two ends. In addition, cleavage with
different restriction enzymes will allow sequencing to be
“read” adjacent to different restriction sites.

B. Random Break Incorporation Sequencing

Random Break Incorporation (RBI) sequencing 1s distin-
guished from the Sanger method and all variations thereof
by the fact that DNA synthesis 1s initiated at random sites
and terminated after addition of only a few bases (1n many
cases the first base).

The mitiation of sequencing reactions at random breaks
enables an entirely new concept of DNA sequence determi-
nation and analysis to be achieved. This new method
involves determining and analyzing the sequence of dinucle-
otides, trinucleotides, and longer combinations of bases
along DNA. Two distinct methods of determining multiple-
base sequences are disclosed, the first method involving one
or more steps of direct polymerization of nucleotides from
the site of random breaks, and the second method involving
an 1nitial degradation step followed by one of more poly-
merization steps. These two methods use different reagents
and reaction steps, yet achieve the same goal of determining
the positions of multiple-base sequences along the DNA.
Although the advantages of the multiple-base sequencing
techniques are discussed in terms of dinucleotide sequenc-
ing, similar advantages are also found with trinucleotide,
tetranucleotide, and longer nucleotide sequencing.

Dinucleotide sequencing 1s the determination of the posi-
tions of each occurrence of a specific nucleotide pair (e.g.,
GC) 1 a DNA molecule. This 1s achieved by terminating the
DNA strands with labeled specific nucleotide pairs. The
dinucleotides are “read” after electrophoresis, mass spec-
trometry, or other size separation step, in the same way that
the occurrence of single bases 1s “read” 1n the conventional
Sanger or Maxim-Gilbert methods of sequencing. Dinucle-
otide sequencing i1s very powerful because 1t increases the
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length of DNA that can be sequenced 1n a single gel lane,
and 1ncreases the accuracy of determination of the sequence.
The length of DNA that can be sequenced 1n a single gel lane
1s determined by the maximum size of DNA for which
successive bands of the sequencing ladder can be resolved.

Successive bands on a single base sequencing gel can be
separated by as little as one base. The current practical limaits
of gel electrophoresis restrict single-base resolution to DNA
less than 500-1500 nucleotides, depending upon the type of
clectrophoresis apparatus used. In contrast, the positions of
bands 1n a dinucleotide ladder can be no closer than two
nucleotides. Therefore dinucleotides can be resolved in
molecules up to 1000-3000 nucleotides. In practice, the
average distance between each band in the dinucleotide
sequencing ladder 1s 16 bases, which 1s 4 times greater than
the average distance between bands in the single base
sequencing ladder. This ability to read longer sequences
using dinucleotide terminations greatly advances the
progress and reduces the cost of DNA sequencing. Dinucle-
otide sequencing also increases the accuracy of sequencing
by reading every base twice. For example, when the
sequence AGC 1s present on the DNA, the central guanine
will be read twice, once as the dinucleotide AG and once as
the dinucleotide GC.

In certain aspects of this method, dideoxyribonucleotides
are not necessary for termination. The basic steps of RBI
sequencing of DNA can be summarized as follows:

Preparation of pools of double-stranded DNA molecules
with 1dentical sequence. This 1s achieved by direct 1solation
of the DNA, by cloning of DNA fragments 1 a suitable
vector such as a virus, prokaryotic cell, or eukaryotic cell, or
by amplification using primer extension, strand displace-
ment, or polymerase chain reaction (PCR). An important
teature of the DNA 1s that at least one 5' terminus (or site
near the 3' end) 1s “tagged” with a chemical group for
detection or immobilizing the DNA.

Single- or double-stranded breakage of the DNA to create
infrequent double- or single-stranded ends at random or
substantially random locations. Degradation can be enzy-
matic (e.g., DNase I), chemical (e.g., hydroxyl radicals), or
physical (e.g., hydrodynamic shear, freezing, or radiation).
The defects must terminate or be made to terminate with a
free 3' hydroxyl end on the product strand, opposed to a
complementary template strand. The use of randomly-lo-
cated priming sites 1s a key, unique feature of the inventors’
method to sequence DNA. All polymerases studied require
3' ends with hydroxyl groups 1n order to incorporate new
nucleotides. Therefore breaks in the DNA that do not
originally contain 3' OH groups have to be conditioned to
possess 3' OH groups before strand elongation can be done.
One method to condition the 3' end 1s to incubate the DNA
in the presence of a 3' exonuclease such as £. coli exonu-
clease III. This invention also contemplates the discovery or
engineering of DNA polymerases able to remove nucle-
otides that do not have 3' OH groups from the 3' ends of
DNA strands.

Addition of one or more nucleotide bases to the 3'OH end
the product strand, whereby the base(s) added 1s (are)
complementary to the opposed base(s) on the template
strand The base addition 1s catalyzed using a DNA poly-
merase capable of adding complementary bases using nucle-
otide triphosphates added to the reaction mixture. If a single
dideoxyribonucleotide base 1s added, 1t will be added to
3'OH termini O or one times, depending on whether the
dideoxyribonucleotide base 1s complementary to the
opposed base on the template strand. If a single deoxyribo-
nucleotide base 1s added to the reaction, 1t will be added to
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the 3'OH termini 0, 1, or more times for as long as the base
1s complementary to the template strand. As detailed herein,
a succession ol different complementary deoxyribonucle-
otide bases can be added by changing the deoxyribonucle-
otide triphosphates 1n the reaction bufller. The dideoxyribo-
nucleotide or deoxyribonucleotide terminal bases are
“tagged” such that i1 the 5' end of the primer 1s tagged for
detection, the base added to the 3' termum of the product
strands 1s tagged for immobilization; but i1 the 3' end of the
primer 1s tagged for immobilization the base added to the 3
termini of the product strands 1s labeled for detection. When
the primer 1s used for immobilization, several DNA mol-
ecules can be simultaneously prepared for sequencing by use
ol distinguishable immobilization tags.

Separation of the DNA molecules by molecular weight
and detection of those fragments that have both tagged 3
ends and tagged 3' ends. After the polymerization reaction
some strands will have tagged 5' ends, tagged 3' ends, or
both. Those strands with the immobilization tags will be
retained on a surface or within a matrix, whereas those
strands without the immobilization tags will be removed.
The retained strands will be specifically mobilized and
separated according to molecular weight by electrophoresis,
chromatography, mass spectrometry, or other suitable tech-
nique, and 1dentified by virtue of the detection tag. Therefore
the only strands identified after size separation are those
tagged for both immobilization and detection. If a single
dideoxyribonucleotide or deoxyribonucleotide base has
been added to the 3' terminus of the product strands then the
lengths of the identified DNA fragments (1n nucleotides) will
give the distance (in nucleotides) of that specific base from
one end of the DNA molecule. Combiming information
about the lengths of the molecules that terminate with
adenine, thymine, guanine, and cytosine will give the base
sequence of the DNA molecule. These results are similar to
the results of the Sanger Sequencing method, and can be
called “single-base sequencing.” When a succession of
different nucleotide bases are added to the 3'OH ends the
molecular weights of the detected fragments will represent
the positions of specific strings of bases along the DNA (e.g.,
AT C_, where n i1s the number of successive A residues, m
1s the number of successive T residues, and o 1s the number
of successive C residues). The results of this approach can
be called “multiple-base sequencing.”

Random breaks can also be used for sequencing by
degradation rather than synthesis at random sites. In this
variation, the DNA to be sequenced contains a degradation
resistant base, such as an a.S dANTP. After random degrada-
tion ol the DNA, an exonuclease 1s used to degrade the
strand up to the resistant base. This example (called random
break degradation sequencing) 1s discussed further in this
disclosure herein below.

The principle of Random Break Incorporation sequencing,
can be implemented 1n a number of ways, using difierent
methods for preparing the DNA fragments, degrading the
DNA, tagging the DNA, incorporating nucleotides, and
separating the products. The inventors will not detail all
alternatives to each of the fundamental steps, but will give
three main examples designed to achieve single-, double-,
and n-base sequencing. In every case the protocols share the
common step of priming DNA synthesis at random breaks 1n
the DNA, 1n contrast to the Sanger method which primes
DNA synthesis at unique sites.

1. One Base Sequencing

a. Single-Base Sequencing Using Single-Strand Breaks

The strands to be used for sequencing must terminate at
a unique site at their 5' ends, and a plurality of base-specific
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sites at their 3' ends. This can be achieved using multiple
strategies. For example, a tag can be incorporated at the 3
end for purposes of detection of the molecule and a different
tag incorporated at the 3' end to physically separate the
molecules from those that have not been tagged at the 3
ends. Alternatively the separation tag can be placed at the 5
end and detection tag at the 3' end. For purposes of this
disclosure the inventors have described physical separation
as 1mmobilization on a surface or 1 a matrix by well-
established techmiques. In principle other techmiques of
separation, including but not limited to electrophoresis,
chromatography, centrifugation, or enzymatic processing
can also be employed.

Single-Base Sequencing Employing 5' Tags that can be
Detected and 3' Dideoxy Nucleotides with Tags that can be
Immobilized

In this first example, the inventors describe the case of
detecting the strands with a 5' tag and separation by immo-
bilization of the strands with a 3' tag. The steps of processing,
the DNA are illustrated in FIG. 15, with the results on
sequencing gels shown i FIG. 16.

Preparation of Tagged DNA Molecules for Sequencing

A DNA sequence can be amplified by PCR using two
primers, complementary to bases at both ends of the DNA to
be sequenced. One of those primers 1s tagged for detection
using one or more tluorescent, radioactive, or chromogenic
chemical groups. Detectable primers are available from
commercial sources or can be synthesized in individual
laboratories. To facilitate later cleavage of the DNA special
nucleotide analogs (e.g., dU) can be incorporated 1nto one or
both strands during amplification.

Tagged DN A molecules can also be produced from cloned
DNA. For example, restriction at a site adjacent to the insert
DNA can be followed by radicactive labeling of the 3
terminus using kinase or ligation of a detectable oligonucle-
otide. Alternatively a site 1n the vector sequence can be
nicked using 11 endonuclease, tagged by incorporation of
detectable nucleotides using nick-translation, followed by
ligation and recleavage with 11.

Random Breakage of DNA to Create Priming Sites for
DNA polymerase

Random breaks are introduced into one or both DNA
strands using reagents familiar to molecular biologists. For
example, DNase I used under different conditions can pro-
duce nearly random double-strand or single-strand breaks.
These enzymes produce 3'OH groups that can serve as
priming sites. Single-strand breaks can also be produced
using hydroxyl radicals generated by a number of methods
including Fe**/EDTA/H,O, or gamma irradiation. The pri-
mary products of radical cleavage are randomly-positioned
nicks or gaps, usually with 3' phosphate groups. Therefore
the DNA must be processed before the sites can be used to
prime DNA synthesis. After creation of a low frequency of
defects, a suitable phosphatase (e.g., alkaline phosphatase or
T4 kinase 1n the absence of ATP) or a 3' exonuclease (e.g.,
exo III) 1s used to create 3' OH groups at the site of the
defects. Each of these 3'OH ends constitutes a potential
priming site for DNA synthesis. Single-strand breaks can
also be made by freezing and thawing DNA, and perhaps by
hydrodynamic shear.

Addition of Complementary Base at the Site of the
Defects

A DNA polymerase without 3' exonuclease activity (e.g.,
Taqg) and a mixture of one or more normal or terminating
deoxyribonucleotide triphosphates will be added. FIG. 135
shows the outcome when biotinylated ddTTP 1s used as the
nucleotide triphosphate. All strands having 3' ends opposite
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adenine 1n the template strand will be biotinylated, whereas
those terminating in adenine, guanine, or cytosine will not
contain a 3' biotin. The specificity to the reaction can be
optimized, 1f necessary, by adding non-biotinylated ddATP,
ddCTP, and ddGTP to the reaction mix to reduce the
probability that the biotinylated ddTTP will be misincorpo-
rated at the 3' ends.

Separation of the DNA Molecules Tagged at the 3' Ends

FIG. 15 shows that the reaction contains fragments ter-
minated with biotinylated thymine at the 3' ends, as well as
strands without biotinylated bases at the 3' ends. The strands
having biotin will be immobilized using streptavidin-coated
magnetic particles, beads, or other surface. The low 1re-
quency ol defects will ensure that most strands will have
only a few biotin moieties. The surface will then be washed
under conditions that denature the DNA strands but do not
release the strands tagged with biotin (e.g., 30 mM NaOH).
After all non-immobilized strands of DNA are removed, the
immobilized strands can be released by reversing the
streptavidin-biotin linkage (e.g., heating 1n the presence of
SDS).

Biotin can be used as a separation tag because of 1ts high
aflinity for streptavidin. However alternative moieties can be
used for separation. For example, digoxigenin can be used
because 1t can be immobilized using specific antibodies, or
a sulthydryl group can be used because 1t can be 1immobi-
lized by oxidation with other sulthydryl groups.

Si1ze-Separation and Detection of the DNA Molecules
Tagged on Both Ends

To determine the position of the tagged dideoxythymidine
nucleotides along the DNA, the released molecules must be
separated according to size (e.g., by electrophoresis on a
standard sequencing gel) and the strands having tagged
primer DNA at the 5' ends detected on the basis of fluores-
cence, absorbance, or emission of light, an enzymatic reac-
tion, or detection of radiation. The sequencing ladder pro-
duced after incorporation of the ddTTP (FIG. 15) will have
bands representing the positions of every thymine in the
product strand, analogous to the sequencing ladders found
by the Sanger Method. In order to determine the positions of
all four bases, four reactions are performed using primers
tagged with the same detectable moiety followed by elec-
trophoresis of the products of the four reaction 1n separate
clectrophoretic lanes, as shown 1n FIG. 16. Alternatively the
four reactions incorporating the four dideoxynucleotide
bases can employ four distinguishable primers (e.g., four
different fluorescent dyes) and the products combined 1nto a
single gel lane followed by differential detection of the
products of the four reactions. Combining the information in
all four lanes or from the differentially detected bands in one
lane, the exact base sequence will be determined, as shown
in FIG. 16.

Single-Base Sequencing Employing 5' Tags that can be
Detected and 3' Deoxyribonucleotides with Tags that can be
Immobilized

The necessary 3' tags can also consist of normal deox-
yribonucleotides, as shown i FIG. 17 and FIG. 18. All steps
are the same as explained herein above, with the exception
that the each polymerization reaction 1s done 1n the presence
of a single normal deoxyribonucleotide. FIG. 17 shows the
case where tagged dTTP 1s used for the reaction. The
sequencing ladder (shown i FIG. 18) will have band
representing the positions of the ends of every succession of
one or more thymines in the product strand, similar to the
sequencing ladders found by the Sanger Method, except
having gaps wherever there i1s a string of more than one
thymine. By combining information from reactions termi-
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nated with dTTP, dCTP, dGTP, and dATP, the i1dentity of
bases 1n the gaps of the electropherograms will be the same
as that of the base at the 3' end of the gap. For example 1f
guanine 1s present at base positions 7-8, there will be a
guanine band at position 8 adjacent to a gap at position 7. A
guanine at position 7 1s iferred from the lack of a thymine,
cytosine, or ademine band at that position and the presence
ol a guanine at position 8. Thus the complete base sequence
can be determined.

Single-Base Sequencing Employing 3' Tags for Separa-
tion and 3' Tags for Detection

The role of the tags at the 3' and 5' ends can be reversed,
which results 1n less flexibility in design of the tag for
detection, but greater flexibility 1n the tag used for separa-
tion. In certain aspects of the present invention, 5' immobi-
lization tags and 3' detection labels are preferred. FIG. 19
shows the situation when the 3' end of the product DNA has
been labeled for detection by incorporation of a detectable
base analog and the primer has been tagged with biotin for
immobilization. In this case the DNA molecules are first
immobilized via the biotin or other immobilization moiety at
the 5' end of the product strand. Other moieties can be used
for immobilization, such as digoxigenin, SH groups, or
triplex-forming sequences incorporated into a PCR primer
or mcorporated into the 5' end of the product strand. The
procedures for degrading the DNA, priming synthesis, and
s1ze separation have been described heremn. Subsequently
the DNA 1s denatured and all the non-biotinylated strands
removed by washing. The strands containing the tagged
primer can be specifically released using conditions neces-
sary to reverse the biotin-streptavidin bond or by cleaving
the primer at an internal site by enzymatic or chemical
means. For example, if dUTP has been incorporated into the
S' end of the molecules it can be degraded using uracil
glycosylase 1n combination with enzymes such as endonu-
clease IV or endonuclease V, base treatment or heat, pret-
erably endonuclease V. Alternatively, if a ribonucleotide 1s
incorporated 1nto a specific location in the primer, cleavage
can be eflected by raising the pH. Also, a restriction endo-
nuclease recognition site can be engineered nto the primer,
serving as a substrate to form a break. The released strands
will be separated on the basis of molecular weight. 11 labeled
ddTTP has been incorporated by DNA polymerase, then the
ladder of fragment lengths will correspond to the positions
of every thymine along the product DNA strand. Four such
ladders can be produced from four separate reactions with
cach the four different ddNTPs, as shown in FIG. 20.
Combining the information in all four ladders will com-
pletely determine the base sequence of the DNA. Alterna-
tively 1f the polymerization reaction has been performed
with four ddNTPs with distinguishable labels (as a com-
bined reaction or as four separate reactions) then the
sequence of all four bases can be determined by distinguish-
ing the different labels within a single ladder. Of course

sequencing can also be done by mcorporation of deoxyri-
bonucleotides at the 3' ends, as shown 1n FIG. 17 and FIG.

18.

5 b. Single-Base Sequencing at Random Double-Strand
Breaks

All these approaches can be performed on DNA having
double-strand breaks by using a DNA polymerase with
“proofreading” 3' exonuclease activity, such as T4 DNA
polymerase or E. coli Klenow fragment. After breakage the
DNA might have a very short 3' overhang, 3' overhang,
blunt, or a mixture of terminal structures. Any of these ends
will serve as substrate for the prooireading DNA poly-
merase. If a specific tagged ddN'TP and the three remaining,
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untagged dNTPs are added the polymerase will add the
dideoxyribonucleotide base at the first complementary posi-
tion adjacent to the break. The base-specific tag can then be
used for sequencing as proposed heremn. If, instead, four
ddNTPs with distinguishable tags are simultaneously added
to the reaction, the polymerase will incorporate all four at
complementary terminal positions.

c. Sequencing Starting from Base-Specific Single-Strand
Breaks

It 1s not necessary to break the DNA at totally random
sites. For instance, if a cleavage-sensitive base analog 1s
incorporated mto one or both DNA strands during synthesis
these base positions can later be cleaved. For example, 11 a
small fraction of the thymines are replaced by deoxyribou-
ridines during PCR amplification, those sites can be con-
verted to one base gaps by the concerted action of dU
glycosylase and endonuclease V. Separation of the DNA
according to molecular weight will give the sizes of all DNA
molecules terminated before thymine. Addition of a poly-
merase and ddTTP or dTTP will tag the thymine-contaiming
sites. To label the DNA at sites containing any of the other

three bases a combination of three normal dNTPs and one
ddNTP can be used. For instance, to label the DNA at

guanine, polymerase plus dT1TP, dATP, dCTP, and ddGTP
can be added.

2. Two Base Sequencing

This technique allows the display of all positions of a
specific doublet of bases. Determination of the positions of
the 12 possible doublets with non-identical bases will give
suflicient information to determine the sequence of every
base. As above, the 5' ends can be tagged for immobilization
or detection, and the 3' terminal bases can be tagged for
detection or immobilization, respectively. The only step
different from those presented for single-base sequencing 1s
the polymerization step, which must achieve the sequential
addition of two bases. The method for doing this 1s shown
in FIG. 21 for the determination of the positions of the
doublet TA. In this example the DNA 1s assumed to be
immobilized via a tag on the 5' end of the PCR primer strand
and detected via a tag incorporated onto the 3' end of the
product strand. In principle, the positions of the tags for
immobilization and detection can be interchanged.

The DNA 1s first 1solated, immobilized, and randomly
degraded as outlined above. Next, the immobilized DNA 1s
incubated in the presence of DNA polymerase and the
dideoxyribonucleotides ddATP, ddGTP, and ddCTP. This
will block every 3'OH end that incorporates any of those
bases (1.e. those opposite T, C, or G 1n the template strand).
However, all ends opposite A 1n the template strand will
remain unblocked, that i1s still available to prime DNA
synthesis. After removal of the ddN'TPs by washing, dTTP
and polymerase are added to the immobilized DNA 1n order
to add one or more thymidines to the unblocked 3'OH ends
opposite one or more adenines on the template strand. One
such cycle of blocking the ends opposite three of the bases
and incorporating one or more nucleotides opposite the
fourth base 1s called a “walk,” 1n this case a “T-walk.,”
because thymine 1s added to the free 3'OH ends. The
unmincorporated dT'TP 1s then removed by washing, and
polymerization continued with DNA polymerase and ddATP
tagged for detection. The tagged adenine dideoxyribonucle-
otide will only be 1incorporated at the unblocked 3'OH ends
opposite thymidine on the template strand. This second step
1s therefore called an “A-termination.” The samples are then
subjected to conditions that denature the DNA and washed
to remove all fragments that are not immobilized via the 5'
tags. Subsequently the 5' tagged strands are released by
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reversing the link used to immobilize the 3' tagged DNA and
separated according to size by electrophoresis or other
suitable method. Detection of all fragments with the 3' tags
will produce a ladder of fragment lengths representing all
positions of the TA doublet, as shown 1 FIG. 21.

This technique can be used to map the positions of known
important doublets such as CG 1n order to localize CG
islands that precede many genes, to locate and measure the
length of repetitive DNA tracts (e.g., doublet and triplet
repeats mmvolved with genetic diseases), or to sequence
DNA. In order to determine the complete DNA sequence the
information from all 12 possible hetero-nucleotide doublets
can be combined to determine the position of each (as shown
in FIG. 22). The sequence of the DNA 1n regions where
homo-nucleotide strings (e.g., AAA) are present can be
inferred from the nature of the doublets adjacent to the gaps.
Double-base sequencing has advantages over single-base
sequencing 1n that: 1) the sequence 1s determined with
two-fold redundancy, increasing the accuracy of base
assignments, and 2) the base sequence can be determined for
longer pieces of DNA, because the bands present in the
clectropherograms are separated by 2 or more nucleotides
and thus can be distinguished over a wider range 1n molecu-
lar size than if single-base resolution 1s required. Thus the
“read-length” of the DNA sequencing gels should be sig-
nificantly longer than possible with single-base sequencing.

Doublet sequencing requires the use of only eight poly-
merization solutions, each containing DNA polymerase, but
differing 1n the nucleotide triphosphates.

3. Three Base Sequencing and N-Base Sequencing

The base walking method described in section 1,c can be
extended to determine the location of any succession of
bases. For example, a succession of three bases can be
symbolized by the string X Y,7Z , where X, Y, and Z are
types of bases with the properties that X 1s a diflerent base
than Y, Y 1s a different base than Z, and a, b, and c, are the
number of sequential bases of the type X, Y, and Z, respec-
tively. FIG. 23 shows the example determining the positions
of the nucleotide succession T _A,T using a two-base walk
and a one-base termination. In this example the DNA 1s
assumed to be immobilized via a tag on the 5' end of the PCR
primer strand and detected via a tag incorporated onto the 3'
end of the product strand. In practice, the positions of the
tags for immobilization and detection can be interchanged.

The DNA 1s first isolated, immobilized, and randomly
degraded as outlined above. The DNA can be immobilized
betfore, during, or after any of these steps. Next, the 1mmo-
bilized DNA 1s incubated in the presence of DNA poly-
merase and ddATP, ddGTP, and ddCTP to block every 3'OH
end opposite T, C, or G 1n the template strand. After removal
of the ddN'TPs by washing, dT'TP and polymerase are added
to the immobilized DNA 1n order to add one or more
thymidines to those unblocked 3' ends opposite one or more
adenines on the template strand. This completes the first

“T-walk.” The unincorporated dTTP i1s then removed by
washing. The immobilized DNA 1s then reacted with DNA

polymerase and ddCTP, ddGTP, and ddTTP to block all 3'
ends except those opposite thymidine on the template strand.
(ddTTP normally cannot be incorporated, but 1s included to
minimize the number of different reaction mixtures neces-
sary to complete all steps). After completion of the reaction
the ddNTPs are removed by washing. Next, the immobilized
DNA 1s reacted with DNA polymerase and dATP to added
one or more adenosines to every 3'OH end that is opposite
a thymine in the template strand. This completes the
“A-walk.” Finally, tagged ddTTP 1s added and the reaction

with DNA polymerase continued to add a single thymine
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dideoxyribonucleotide to those unblocked 3'OH ends that
are opposite thymidine 1n the template strand. This com-
pletes the “T-termination.” The samples are then subjected
to conditions that denature the DNA and washed to remove
all fragments that are not immobilized via the 3' tags.
Subsequently the 5' tagged strands are released by breaking
the link used to immobilize the 3' tagged DNA and separated
according to size by electrophoresis or other suitable
method. Detection of the 3' tags will produce a ladder of
fragment lengths representing all positions with the 3-base
succession 1T AT, where a and b are integers greater than
zero. This method can be modified shightly to detect all
occurrences of T _A,T . by substituting tagged dTTP for
tagged ddTTP at the terminal “I-termination” step.

By “walking” a number of steps before addition of the
tagged nucleotides the positions of any succession of an
arbitrary number of bases can be determined, e.g.,
T A, T G C_G. The complete sequence of the DNA can be
determined with almost n-fold redundancy by analyzing the
results of all possible combinations of walks (e.g., 36
reactions for 3-base sequencing). N-base sequencing
requires the use of only eight polymerization solutions, each
containing DNA polymerase, but differing 1n the nucleotide
triphosphates.

5. Sequencing of Multiple Restriction Fragments After a
Single Random Break Incorporation Reaction

The examples of Random Break Incorporation described
above employ immobilization to separate one strand to be
sequenced from other strands 1n order to sequence one piece
of DNA mmmediately adjacent to the primer. However
because the DNA remains double-stranded after the poly-
merase reaction, the DNA can be cleaved with restriction
enzymes and separated into many Ifragments that can be
sequenced according the procedures shown herein above, or
using other techniques. As the result very long pieces of
DNA can be sequenced without the need to subclone DNA.

6. Application of RBI Sequencing to Double-Stranded
RNA or RNA-DNA Hybrids

In principle any double-stranded nucleic acid can be
sequenced using the above techniques, using appropriate
RNA-dependent DNA or RNA polymerases and appropriate
nucleotide triphosphates. Such sequencing might be usetul
for determination of the sequences of RNA virus genomes,
and products of RNA polymerase or reverse transcriptase.

C. Primer-Based Sequencing Methods

Initiation can also be accomplished with an oligonucle-
otide primer. Such methods include, but are not limited to 1)
introduction of one or more oligonucleotide primers at the
end or within the template DNA by local disruption of the
DNA helix, and 2) introduction of one or more oligonucle-
otide primers at the end or within the template DNA by
removal of a few bases from one strand (e.g. by digestion of
the end of DNA by T7 gene 6 exonuclease).

D. Random Break Degradation Sequencing

The present invention provides another powertul method
to create DNA molecules that terminate at a specified base.
This method employs strand degradation rather than poly-
merization. The general principle involves incorporation of
a degradation-resistant base analog at selected positions in a
DNA strand, followed by exonuclease or chemical degra-
dation to produce molecules terminated at the selected base.
Separation of the DNA strands according to molecular
weight produces a Sanger-like ladder of fragments that
terminate at positions that have incorporated the base ana-
log.

This method has been employed by substituting deoxyri-
bonucleoside phosphorothioates (Labeit et al., 1986, 1987;
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Nakamaye et al., 1988; Olsen and Eckstein, 1989) or deox-
yribonucleoside boranophosphates (Porter et al., 1997) at a
fraction of the sites for a specific base. This imncorporation
can be done, for example, during PCR amplification by
adding one boronated or thioloated deoxyribonucleotide
triphosphate along with the 4 normal deoxyribonucleotide
triphosphates. Subsequent degradation of the strand with
snake venom phosphodiesterase and/or exonuclease 111 (exo
III) causes the 3' end of the strand to be degraded until the
boronated or thiolated linkage i1s reached. Alternatively
chemical degradation of the thiolated linkages are able to
terminate the strands at base-specific breaks. These methods
for degrading DNA to produce sequencing ladders are
related 1 principle to the Maxim-Gilbert methods of
sequencing by chemical degradation using base-specific
chemicals.

However, despite the apparent simplicity of the degrada-
tive methods for sequencing, they are not commonly used to
sequence DNA. Chemical degradation 1s not i1deal because
of the sequence specificity of the reactions and background
cleavage at non-specific sites. Exonuclease degradation 1is
not 1deal because the 3' termini can have mixed chemical.
composition, and exonucleases can have dithiculty degrading
long strands of DNA without sequence-specific accumula-
tion or “read-through” of certain termination sites. As a
result the sequencing ladders can have extra bands or
missing bands, and the band intensities are not uniform
(Porter et al., 1997). Initiating the exonuclease digestions
from random breaks overcomes these difficulties by over-
coming the need to do long-distance exonuclease degrada-
tion. In addition, degradation from random sites followed by
DNA polymerization can be used to achieve dinucleotide,
trinucleotide, and n-nucleotide sequencing.

The application of random break degradation to sequenc-
ing of single nucleotides 1s described first. PCR amplifica-
tion 1s used to incorporate a resistant base analog into a
fraction of the normal base positions 1n the DNA. Diflerent
fractions of incorporation of the resistant base have utility 1in
various aspects of the invention, from incorporation of a
single resistant base analog to 100% incorporation. In prin-
ciple any base analog partially resistant to exonuclease
degradation (such as phosphorothiolates or boranophos-
phates) can be used. As 1n previous applications one of the
strands can be tagged by the use of a labeling or 1immobi-
lization moiety attached to one of the primers. Alternatively
both strands can be differentially labeled or immobilized
using distinguishable chemical moieties on the two primers.
Random single- or double-strand breakage by any of the
methods previously described for Random Break Incorpo-
ration sequencing will produce a distribution of molecules
cleaved at every or nearly every base site. Alternatively,
deoxyribouracil can be incorporated at a fraction of the
thymine base sites during PCR amplification, in the presence
of dATP, dCTP, dGTP, dTTP mixed with a small amount of
dUTP. These molecules can be cleaved by incubation with
dU glycosylase and endonuclease IV (endo 1V) or endonu-
clease V (endo V). Treatment of the DNA with exo 111, snake
venom phosphodiesterase, or other exonuclease that pauses
or stops when reaching the resistant base will produce a
spectrum of fragments terminated at resistant bases at the 3'
ends.

Those fragments with tagged 5' ends and specifically
terminated 3' ends can be separated by immobilization of the
St immobilization tags, or specifically 1dentified by detection
of the 5' labeled tags. When immobilization tags have been
used the molecules with specific 5' ends can be immobilized
on a surface, washed free of other molecules, released into
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solution by reversal of the attachment to the surface, and
separated according to size by electrophoresis, mass spec-
trometry, or other method. When the primers have been
labeled with fluorescent, radioactive, or other detectable
groups, the mixture of all fragments can be separated
according to size and the molecules with tagged 5' ends that
are terminated at the resistant bases can be detected 1n order
to determine the positions of the resistant base analogs
relative to the end of the original amplified DNA. By
repeating this process with each of the four resistant base
analogs, the entire sequence of the amplified DNA can be
determined.

Random break degradation can also be used as the first
step 1n dinucleotide, trinucleotide, and n-base sequencing.
For example, to determine the positions of all dinucleotides
of the sequence AT, PCR products are created having one
tagged primer (able to be immobilized) and a fraction (e.g.,
10-100%) of the adenines replaced by phosphorothiolated
adenine. Random single- or double-strand breakage of the
DNA followed by exonuclease treatment produces the spec-
trum of tagged DNA strands terminating with adenine.

Addition of labeled ddTTP and DNA polymerase selectively
labels those fragments that terminate with AT. When ddATP
1s added with polymerase, fragments terminated with AA are
labeled. When resistant ddN'TPs are used, the exonuclease
does not need to be mactivated or removed before adding the
polymerase. In the absence of resistant ddNTP analogs, the
exonuclease can be removed by washing, mactivated by
heating, or inmhibited by changing 1onic conditions or by
adding a chemical inhibaitor.

r

T'he tagged fragments are immobilized at any time during
this process, washed free of the fragments with untagged 5'
ends, size-separated by electrophoresis or other means, and
the labeled terminal bases detected by fluorescence, radio-
activity, or other means to determine the distances of the
selected dinucleotides from one end of the amplified DNA
molecules. When all four ddNTPs with distinguishable
fluorescent labels are used, four dinucleotide sequences
(e.g., AA, AT, AC, and AG) can be determined from the
same nuclease/polymerase reaction and size-separation.
Analysis of all 16 dinucleotide sequence combinations
allows reconstruction of the complete nucleotide sequence
of the DNA molecule. The advantages of this method of
determining dinucleotide sequences (relative to the dinucle-
otide sequencing produced by polymerization without deg-
radation) include: the dinucleotide sequence can be deter-
mined with only a single polymerization reaction; and the
positions of homodinucleotides (e.g., AA) can be deter-
mined. Determination of trinucleotide and n-nucleotide
sequences can be determined by adding one or more cycles
of nucleotide “walks” between the exonuclease degradation
step and the termination step.

Multiple base sequencing by random break degradation
has an additional advantage over existing methods of
sequencing by degradation 1n that only those molecules that
have been degraded to leave a 3' OH terminus will become
labeled and therefore will be detected. Those molecules that
have been degraded to other chemical sites will not be
extended by DNA polymerase and therefore will not be
labeled and detected, thus reducing background. Further
aspects of this method involve the direct sequencing of the
degraded products, without base addition, and incorporation
of four nondiscriminating ddNTPs to make the products of
the degradation reaction suitable for direct sequence analy-
S18S.
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E. Polymerases

In principle any DNA polymerase can be used under a
wide variety of conditions so long as the polymerase can 1)
initiate synthesis at the 3' end adjacent to the DNA break, 2)
incorporate nucleotide bases complementary to the opposed,
template strand, and 3) terminate synthesis at a selected
base. Diflerent polymerases are required to carry out the
reaction under different circumstances, including the nature
of the break and nature of the terminating base. For example,
if the break consists of a single-strand nick, the polymerase
must have a 5' to 3' exonuclease activity, a strand displace-
ment activity, and/or a 3' to 5' exonuclease activity in order
to 1ncorporate new nucleotides onto the 3' end.

For incorporation of nucleotides during a net synthesis of
DNA to move the 3' end forward to elongate the synthesized
strand, enzymes exemplified by, but not limited to, 7.
aquaticus (Taq) DNA polymerase, M. tuberculosis DNA
polymerase I, and other polymerases with 5' exonuclease
activity can elongate the strand by adding new nucleotides
to the 3' end while degrading existing nucleotides from the
St end. These enzymes can incorporate bases at single-strand
nicks and gaps. Enzymes such as E. coli DNA polymerase
I Klenow fragment, Sequenase (modified T7 DNA poly-
merase), Thermosequenase, Vent DNA polymerase, and
other many other enzymes without 5' exonuclease activities
can incorporate new nucleotides by displacing the DNA on
the 5' side of a nick or gap 1n the DNA. Enzymes such as T4
polymerase that lack 5' exonuclease activity and strand
displacement activity require a gap in the DNA 1n order to
clongate the 3' end.

In contrast to all the reactions that produce net synthesis
of DNA at the 3' end (described in detail herein), poly-
merases with proofreading activities are also able to termi-
nate synthesis after removing one or more nucleotides from
the 3' ends. For example, Vent DNA polymerase, E. coli
DNA polymerase I, £. coli DNA polymerase 1 Klenow
fragment, and T4 polymerase have prooifreading activities
that can remove bases from the 3' ends and replace them
with new nucleotide bases. The removal reactions are
tavored at low concentrations of deoxyribonucleotide triph-
osphates, and the polymerization reactions are favored by
high concentrations of the nucleotide triphosphates. During
these nucleotide replacement reactions the strands can be
made to terminate at selected bases by 1) incorporation of
selected dideoxyribonucleotides or 2) termination due to
addition of only three of the four natural nucleotides such
that all strands terminate one base before the selected base.
These replacement synthesis reactions are especially valu-
able for terminating DNA synthesis at selected bases near
the site of double-strand breaks, because a template strand 1s
not available for strand elongation from the site of the break.

F. Detection Methods

Separation of sequence-specific double-stranded DNA
fragments can be achieved by fractionation according to size
using electrophoresis through media, including agarose,
polyacrvlamide, and polymer solutions. The physical form
of the media can include flat layers, tubes and capillaries.
Size fractionation can also be achieved by flow of solution
through chromatographic media by the techmques of HPLC
and FPLC. Mass spectroscopy 1s also contemplated for use
in certain embodiments. The ability to fractionate DNA
according to length 1s not affected by the presence of nicks
in the double-stranded DNA. For example, it 1s well-known
that nicked double-stranded DNA forms sharp bands during
clectrophoresis (Higashitani et al., 1992). Preparative col-
lection of the DNA after separation can be performed
manually by cutting pieces from gels, allowing the samples
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to flow 1nto collection vessels, or by automatically sorting
liguid samples. Typically, the fractions containing DNA
fragments are detected by absorption spectrophotometry,
fluorescence, radioactivity, or some other physical property.

In specific cases size fractionation before sequencing gels
1s not required for sequencing a specific restriction fragment.
These cases include those where (a) only one restriction site
1s present 1 the DNA to be sequenced, (b) only one
restriction fragment 1s long enough or short enough to give
a good sequencing gel, and (c) two restriction fragments are
produced, but one 1s removed from the reaction using an
aflinity 1mmobilization or separation, e.g., based on the
presence of biotin, digoxigemin, or a triplex-forming nucle-
otide on one of the fragments that leads to immobilization on
magnetic beads, surfaces, or matrices, and d) only one
restriction fragment i1s labeled.

Chip-Based Methods

The present invention contemplates carrying out the novel
sequencing method described above using microscale
devices. Thus, sequencing reactions using double-stranded
template are contemplated to take place in microfabricated
reaction chambers. The present invention contemplates that
suitable microscale devices comprise microdroplet transport
channels, reaction regions (e.g., chambers), electrophoresis
modules, and radiation detectors. In a preferred embodi-
ment, these elements are microfabricated from silicon sub-
strates according to those methods known in the art As a
mechanical building material, silicon has well-known fab-
rication characteristics. The economic attraction of silicon
devices 1s that their associated micromachiming technologies
are, essentially, photographic reproduction techniques. In
these processes, transparent templates or masks containing
opaque designs are used to photodefine objects on the
surface of the silicon substrate. The patterns on the templates
are generated with computer-aided design programs and can
delineate structures with line-widths of less than one micron.
Once a template 1s generated, 1t can be used almost 1ndefi-
nitely to produce identical replicate structures. Conse-
quently, even extremely complex micromachines can be
reproduced 1n mass quantities and at low incremental unit
cost—provided that all of the components are compatible
with the silicon micromachining process. While other sub-
strates, such as glass or quartz, can use photolithographic
methods to construct microfabricated analysis devices, only
silicon gives the added advantage of allowing a large variety
of electronic components to be fabricated within the same
structure.

The principal modern method for fabricating semicon-
ductor integrated circuits 1s the so-called planar process. The
planar process relies on the unique characteristics of silicon
and comprises a complex sequence of manufacturing steps
involving deposition, oxidation, photolithography, diffusion
and/or 1on implantation, and metallization, to fabricate a
“layered” integrated circuit device 1n a silicon substrate
(U.S. Pat. No. 5,091,328).

For example, oxidation of a crystalline silicon substrate
results in the formation of a layer of silicon dioxide on the
substrate surface. Photolithography can then be used to
selectively pattern and etch the silicon dioxide layer to
expose a portion of the underlying substrate. These openings
in the silicon dioxide layer allow for the introduction (“dop-
ing”’) of 1ons (“dopant”) into defined areas of the underlying
silicon. The silicon dioxide acts as a mask; that 1s, doping
only occurs where there are openings. Careful control of the
doping process and of the type of dopant allows for the
creation of localized areas of diflerent electrical resistivity 1in
the silicon. The particular placement of acceptor 1on-doped
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(positive Iree hole, “p”) regions and donor 1on-doped (nega-
tive free electron, “n”) regions i1n large part defines the
interrelated design of the transistors, resistors, capacitors
and other circuit elements on the silicon water. Electrical
interconnection and contact to the various p or n regions that
make up the integrated circuit 1s made by a deposition: of a
thin film of conductive material, usually aluminum or poly-
s1ilicon, thereby finalizing the design of the integrated circuit

Of course, the particular fabrication process and sequence
used will depend on the desired characteristics of the device.
Today, one can choose from among a wide variety of devices
and circuits to implement a desired digital or analog logic
feature.

It 1s not imntended that the present invention be limited by
the nature of the reactions carried out 1n the microscale
device. Reactions include, but are not limited to, sequencing
according to the present invention, restriction enzyme
digests, nucleic acid amplification, and gel electrophoresis.

Continuous flow liquid transport has been described using
a microflmdic device developed with silicon (Pfahler et al.,
1990). Pumps have also been described, using external
forces to create tlow, based on micromachining of silicon
(Van Lintel et al., 1988). Discrete droplet transport 1n silicon
1s also contemplated.

I1I. Mapping Techniques

Often 1t 1s desirable to map sequence mformation 1n very
long pieces of DNA (e.g., cosmids, YACs, and within or at
the ends of intact chromosomes). The landmarks that can be
mapped using long-range SR reactions include (a) specific
known sequences, such as those associated with a particular
genes, (b) restriction sites, (¢) anonymous sequences present
in a library of cloned or PCR™ amplified genomic or cDNA
sequences, (d) repetitive sequences such as Alu repeats, CpG
islands, dinucleotide and trinucleotide repeats, SINES,
LINES, and telomere repeats, (¢) unusual secondary struc-
tures such as triplex DNA, quadruplex DNA, cruciform
DNA, and (1) specific types of lesions, such as thymidine
dimers. Present techniques are unable to map these types of
features because (1) many of the features are characteristic
of double-stranded DNA, and (2) mapping usually requires
a nearly synchronous progression of the synthesis of new
DNA. Neither of these conditions seem to be met by
enzymes utilizing a single-stranded template. The present
invention contemplates using the strand replacement method
with a highly processive SR polymerase, such as Tag DNA
polymerase, for this task.

In one embodiment, SR synthesis mnitiates at a unique site
using an excess ol processive polymerase, which incorpo-

rates dATP, dGTP, dCTP, dUTP (or any other labile base)
into the DNA (FIG. 8). After a controlled period of incor-
poration of the labile base, conditions are changed to 1ncor-
porate only the stable bases dATP, dGTP, dCTP, and dT'TP,
with one of the stable bases being labeled, i this example
labeled dTTP. The labeled base can be, for example, radio-
actively labeled, fluorescently labeled, or chemically labeled
with biotin, among others. The uracil bases can be removed
using dU glycosylase (Boehrenger Mannheim), and the sites
ciiciently converted to nicks by heating the DNA, treatment
with base, or enzymatic cleavage with endo IV or endo V.
After destruction of the dUTP-substituted DNA, the labeled
DNA from the different SR reaction times (representing
DNA sequences located at different distances from the
initiation site) can be hybnidized to a sequence of interest
(c.g., telomeric sequences, dinucleotide repeats, Alu
sequences, cloned or PCR™-amplified sequences,
expressed sequences from a cDNA library, etc.).
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In the example shown schematically in FIG. 8, positive
hybridization would be detected for the samples from SR
reactions carried out for about 15 min, 20 min, and 30 min.
If the measured rate of SR elongation was 250 nucleotides
per min, those features would be mapped as being 3.75 kb,
5.0 kb, and 7.5 kb from the imitiation site. To map the
positions of restriction fragments the fragments would be
separated by electrophoresis 1 agarose, transferred to a
filter, and hybridized to the labeled SR products formed at
different distances from the initiation sites. By hybridizing to
restriction fragments transierred from an agarose gel, the
order of the restriction fragments can be easily mapped. This
information 1s very useful 1n large-scale sequencing projects
to order the restriction fragments 1n cosmids and YAC:s.

As the time of polymerization increases the polymerases
can lose synchrony, which causes the width of the band of
stable DNA to increase, reducing resolution. To overcome
this problem agents can be introduced to reversibly halt the
polymerase molecules at specific sequences. When the arrest
1s reversed all of the polymerases will regain their imaitial
synchrony. For example, triplex-forming oligonucleotides
can bind to recognition sequences along DNA and can arrest
the progress of Klenow fragment (Hacia et al., 1994). The
arrest by oligonucleotides should be reversed by mild heat-
ing or changes in pH.

The technique described can also be used to map features
in the DNA that terminate SR, such as unusual secondary
structure, triplex formation, and specific protein binding. In
this case the SR reaction would be performed using dATP,
dGTP, dCTP, and dTTP and the products separated by
molecular weight using electrophoresis. Sites of pausing of
the polymerase would be detected by increase 1 product
concentration or the onset of hybridization to a specific DNA
probe.

Dinucleotide/Trinucleotide Strings

The information gained by multiple nucleotide sequenc-
ing as discussed above 1n Section III 1s also very useful for
mapping the sequence information 1n a long DNA molecule.
The map of positions of specific dinucleotides or trinucle-
otides serve as a fingerprint to 1dentity overlapping parts of
different DNA molecules, much the same as restriction
fragment analysis and STS hybridization has been used to
map overlapping DNA clones. The multiple base ladders
contain more mmformation and are more easily interpreted
than the patterns of restriction fragment lengths or STS
hybridization, because the ladders can be directly related to
positions along the DNA molecule and can be directly
related to even partial base sequence information. The
multiple base ladders can also give information about the
underlying structure or function of the DNA over long
distances. For example, high frequencies of the dinucleotide
CG can signal the presence of so-called “CpG 1slands™ that
are associated with genes.

IV. Telomere Analysis

The present mvention overcomes many of the problems
inherent in the art with regards to telomere analysis, includ-
ing the lack of the ability to determine the sequence of the
subtelomeric region, quantitation of the amounts of single-
stranded overhangs present on chromosomes. Details of the
present methods are presented below.

A. Sequencing

The present invention contemplates that the above-de-
scribed sequencing method can be applied to a variety of
double-stranded templates, including but not limited to
telomeric DNA. Telomeres are special DNA structures at the
ends of eukaryotic chromosomes, which are necessary for
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genome stability. In humans telomeres progressively shorten
during somatic cell proliferation, perhaps eventually leading
to chromosome 1nstability. The rate and extent of shortening,
depends upon the type of tissue, and 1individual factors such
as genetic background, age, and medical condition.

In human germ line and tumor cells, telomere metabolisis

1s different from that of somatic cells, leading to stabilization
of the length of telomeres, which 1s believed to be due to de
novo extension of 3' overhangs by the enzyme telomerase
recombination, and perhaps other factors such as nucleases.
Currently, the only parameter of telomere structure that can
be measured 1s the length of the terminal restriction frag-
ments. Measurements of the rate of telomere shortening
cannot be performed 1n human tissues 1n less that ten years,
or 1in selected human cultured cells 1n less than one month.
Telomere shortening 1n most plants and animals cannot be
measured due to excessive telomere length. The only exist-
ing test of the state of an individual’s telomeres 1s a PCR™
assay of the 1n vitro telomerase activity, which 1s correlated
with cell proliferation but not a measure whether telomeres
are eroding or growing.

The present invention contemplates that the sequencing
method of the present invention can provide a quantitative
mapping of the DNA structure at the ends of telomeres.
Indeed, preliminary results from the use of the novel
sequencing method reveals long 3' overhangs at the ends of
human chromosomes, suggesting a third important factor for
regulating telomere length and function. The present inven-
tion contemplates that such mapping allows for the diagno-
si1s of chromosome instabilities caused by telomerase,
nucleases, recombination, and other effects important to
aging and cancer.

B. Two-Dimensional Techniques and Analysis of Single-
Stranded Overhangs

The present invention provides a variety of methods to
analyze telomeres, including two-dimensional gel tech-
niques, and hybridization and quantification of labeled oli-
gonucleotides to the single-stranded regions of telomeres.
Examples 1-5 below present details regarding these tech-
niques.

The following examples are included to demonstrate
preferred embodiments of the invention. It should be appre-
ciated by those of skill in the art that the techniques
disclosed 1n the examples which follow represent techniques
discovered by the inventors to function well 1n the practice
of the mvention, and thus can be considered to constitute
preferred modes for its practice. However, those of skill in
the art should, i light of the present disclosure, appreciate
that many changes can be made 1n the specific embodiments
which are disclosed and still obtain a like or similar result
without departing from the spirit and scope of the invention.

In some of the examples below fibroblasts were used. For
these studies, three derivative cultures of female human fetal
lung fibroblasts were purchased and grown strictly accord-

ing to instructions from the NIA Aging Cell Repository
(Coriell Institute for Medical Research, Camden, N.JI.).

Normal IMR-90 primary cells (catalog #190 P04 and #190
P10, after 4 and 10 laboratory passages) and post-crisis

immortal SV40 virus-transformed IMR-90 (# AG02804C)
were harvested at about 80% confluence. The IMR-90/P04
and IMR-90/P10 cells were harvested after —33 and -63

post-fetal population doubling, respectively.
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In some studies human umbilical vein endothelial
(HUVE) cells and human leukocytes were used. HUVE cells
were grown as described (Dixit et al. 1989) and harvested
after 11 passages. Human leukocytes were separated from
fresh blood by isotonic lysis (Birren et al., 1993). 1-2x10°
cells were harvested by centrifuging 3x for 10 min at 800xg
in 15 ml cold PBS followed by resuspension in PBS (-12x
10°/ml).

A number of the examples below involve the use of
nucleic acid isolated from nuclei. Nucler were prepared
using centrifugations at 4° C. as above: 1-2x10° washed
cells were centrifuged once 1 15 ml of nuclear bufler (60
mM KCI, 15 mM Na(Cl, 15 mM HEPES pH 7.4, 3 mM
MgCl,, 6 uM leupeptin, 1 mM 1odoacetate, 1 mM phenyl-
methyl sulfonyl fluonide), once m 1.5 ml nuclear buftler,
twice 1 15 ml nuclear bufller with 0.1% digitomin, and once
in nuclear bufler with digitonin without 10doacetate; nuclei
were resuspended 1in 1 ml of nuclear buller without 10doac-
etate, diluted to 107 cells/ml with nuclear buffer without
10doacetate prepared with 50% glycerol, and frozen 1n liquid
N,

A variety of commercially available reagents were

employed. Tissue culture supplies were from Sigma (St.
Louis); restriction enzymes, S1 nuclease, DNA polymerase

I, T4 DNA ligase, and random labeling kit from GibcoBRL;
Hinf I from BioLabs; Bal 31 nuclease, T4 DNA polymerase,
dU-glycosylase, proteinase K and Agarase from Boehrenger
Mannheim; Klenow fragment (exo) from Ambion; T7 gene
6 exonuclease from Amersham/USB; agarose from Gibco-
BRL and FMC; ZetaProbe GT membrane and PCR™ rules
from BioRad; radioisotopes from Amersham. Oligonucle-
otides were synthesized at the University of Michigan
Biomedical Research Core Facility. Oligonucleotide
(CCCUAA), (SEQ ID NO:1; TelC) was used as a primer for
strand replacement reactions. Oligonucleotides (CCCTAA),
CCC (SEQ ID NO:2), (UUAGGG), (SEQ ID NO:3; TelG),
CCCTCCAGCGGCCGG(TTAGGG), (SEQ ID NO:4) and
(CCCUAA), (SEQ ID NO:1) were used for probe prepara-
tion.

For DNA purnfication, a protocol for isolation of high
molecular weight DNA 1n solution was used (Birren et al.,
1993). Tissue culture and fresh blood cells were washed 3
times at 800xg in PBS, and 10° washed cells were resus-
pended 1 0.5 ml PBS. Then 0.125 ml 20 mg/ml proteinase
K solution, 1.625 ml 0.25 M EDTA, pH 8.0, and 0.25 ml
10% SDS were added 1n the indicated order, gently mixed
and incubated at 50° C. Frozen nucler were washed three
times with nuclear wash buffer (15 mM NaCl, 15 mM

Tris-HC1 pH 7.5, 60 mM KCI, 3 mM MgCl,), resuspended
at 300-400 ug/ml, and gently mixed with an equal volume of
digestion bufler (30 mM Tnis HCI pH 7.5, 100 mM EDTA
pH 8, 2% SDS, 2 mg/ml proteinase K), and placed at 50° C.
Equal amounts of fresh proteinase K solution were added
every 12 h, and incubation continued to 36 h. DNA was
extracted with buflered phenol, followed by phenol/chloro-
form and chloroform extractions. The clear, viscous DNA
solutions were dialyzed against TE. DNA concentrations
were determined by spectrophotometry (usually 100-200
ug/ml) and DNA solutions were stored at 4° C. for several
months without detectable loss of integrity. For certain
critical studies (e.g. for G-overhang length analysis) the
DNA was digested with RNase. Telomere molarnty was
calculated assuming 75x10° bp per telomere (or 3.4x10° bp
per haploid genome).
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EXAMPLE 1

Oligonucleotide Primer Dependent Strand
Replacement on Double-Stranded Template Having,
Single-Stranded Regions Created by Nuclease
Digestion

Telomere DNA 1s difhicult to sequence due to the repeti-
tive sequences involving DNA strands that are either rich in
guanine or cytosine. Single-stranded GC rich DNA forms
intramolecular and intermolecular secondary structure that
causes premature termination of DNA polymerization. In
addition, G-rich DNA 1s able to form non-Watson-Crick
hydrogen bonding involving G:G base pairs that are often
more stable than Watson-Crick double-stranded DNA. In
vitro, single-stranded G-rich telomere DNA can form a
variety ol non-canonical structures including G-quartets,
triple helices and G:G base pairing.

In this example, the primer-dependent strand replacement
method of present mvention was used to measure human
telomere DNA. FIG. 10 shows the strand replacement
approach as applied to the detection and quantitation of
G-tails 1 human chromosomes. The oligonucleotide
(CCCTAA), (SEQ ID NO:5; TelC,) 1s hybridized under
non-denaturing conditions to available G-rich tails and
extended using Taq polymerase. The polymerase fills the
gap between the primer and 5'-end of the C-strand and then
propagates the nick in the 3' direction. I several molecules
of TelC bind to the overhang, all but the last one will be
degraded during the reaction. When electrophoresed on a
denaturing alkaline agarose gel and probed with both the
G-rich and C-rich telomeric sequences, the reaction products
should appear as three bands: C_ corresponds to the newly-
synthesized extension products; C, corresponds to the
trimmed original C-rich strands; and C_ corresponds to the
original G-rich strands and untrimmed C-rich strands from
any telomeric ends without overhangs or with such short
overhangs that they cannot bind the primer.

In this example, the reaction was carried out on a model
linear telomere construct. The construct with 520-700 bp of
double-stranded human telomere DNA and 100-200 b of
G-rich overhang was constructed from plasmid Styll. Sty
11 was cut with Clal which leaves 10 bp of polylinker DNA
at the end of a 800 bp telomere tract. The linearized plasmid
was digested with Bal 31 for 30 seconds at 30° C. using 2
units of enzyme with 10 ug DNA 1n 100 ul of 600 mM Na(l,
12.5 mM Ca(Cl,, 12.5 mM MgCl,, 20 mM Tris-HCI pH 8.0,
and 1 mM EDTA. The DNA was extracted and resuspended
in TE. EcoR I restriction and electrophoretic analysis deter-
mined that the Bal 31 had trimmed about 60 bp from each
end, suilicient to expose the telomeric repeat. To produce a
3' overhang 5 ug of linearized or linearized/Bal 31 treated
DNA was incubated with 100 units of 17 gene 6 exonuclease
in 50 ul of 40 mM Tris-HCI1 pH 7.5, 20 mM MgC(Cl,, 50 mM
NaCl at 20° C. for diflerent times, extracted, and resus-
pended in TE. The average G-tail length and length distri-
bution were determined by digestion with EcoRI, electro-
phoresis 1 1.5% agarose/40 mM NaOH and analysis of the
length of the C-strand. It was determined that, following the
above treatment, one end of the construct had a 630 bp
terminal tract of double-stranded telomeric DNA with a 100
b G-tail.

The strand replacement reaction was performed using Taq
DNA polymerase. The optimized reaction was performed 1n

50 ul of the standard Taq polymerase buller [composed of 20
mM Trns-HCl pH 8.3, 50 mM KCl, and 2 mM MgCl,

containing 50 uM dNTPs, 5-10 nM TelC primer, 0.1-1 fool
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of DNA telomere ends (5-50 ug of human DNA or 0.1-1 ng
of Styl1 telomere construct) and 2 units of Taq polymerase]
and was carried out at 55° C. To msure the hybridization of
the TelC primers to all single stranded telomere ends, the
ingredients of the reaction (except Taq polymerase) were
placed mto 0.5 ml thin-wall PCR™ tubes, mixed, covered
with mineral oil, and incubated at 45° C. for 1 h in a DNA
Thermal Cycler 480 (Perkin-Elmer, Cetus). The temperature
was mncreased to 55° C. for 5 min, and Tag DNA polymerase
was added. Aliquots were removed at the desired times and
quenched on 1ce with 10 mM EDTA. All DNA samples were
incubated with dU-glycosylase (1 ul enzyme 50 ul reaction)
at 37° C. for 1-2 h, ethanol precipitated, washed and dried.
The dU-glycosylase promoted primer degradation during
alkaline electrophoresis, greatly reducing the background on
Southern blots.

The results of the strand replacement reaction using the
model construct show that the size of the C_ strand increased
at the same rate as the size of the C, strand decreased, ruling
out strand displacement (Henderson et al., 1988). In the
presence of four dNTPs the nick-translation reaction pro-
ceeded to the opposite end of the linear construct. In the
presence of only dATP, dT'TP and dCTP the reaction pro-
ceeded only to the end of the telomeric tract, producing a
discrete 750 b C-rich strand. Substitution of dTTP waith
dUTP and incubation of the reaction products with dU-
glycosvylase followed by alkaline treatment led to complete
elimination of the C_ strand. After long reactions the C,
strand hybridized with the random-primed plasmid, but not
(TTAGGG), (TelG).

A 100 b overhang 1s long enough to imtiate multiple
strand replacement reactions, however the terminal C_ strand
should destroy and replace internally-located primers and
products. Thus the C_ product made without dGTP had the
same size as the C-rich fragment without T7 gene 6 treat-
ment. No strand replacement products were found (a) with-
out primers, (b) with TelG primers, (¢) with non-telomeric
primers, or (d) on constructs without G-tails.

In sum, the strand replacement signal 1s dependent upon
the presence of the TelC primer showing that products are
not formed from internal nicks or gaps. In the model system,
the strand replacement reaction with (TTAGGG) overhangs
1s specific for a primer containing the (CCCTAA) repeat,
and blunt-ended telomeric ends are not detected.

EXAMPLE 2

Oligonucleotide Primer Dependent Strand
Replacement on Double-Stranded Template Having
Naturally Occurring Single-Stranded Regions

In this example, the strand replacement method was used
to detect naturally occurring single-stranded regions of
telomeric DNA. Specifically, the strand replacement method
was used to detect G-tails in IMR-90 normal primary human
fibroblasts. These telomeres are from fetal lungs and there-

fore have very long telomeres (approximately 12 kb). High
molecular weight (=100 kb) IMR-90 DNA was subjected to

the strand replacement reaction and the products were
analyzed by I-D alkaline gel electrophoresis.
Specifically, high molecular weight primary IMR-90 cell

DNA was subjected to strand replacement for 35, 10 and 15
min and electrophoresed. Alkaline electrophoresis was per-

formed 1n 0.8-1% agarose with 40 mM NaOH. The gel was
prepared with 50 mM NaCl, and 1 mM EDTA, solidified,
and soaked 1n 2 liters of alkaline electrophoretic bufler (40

mM NaOH and 1 mM EDTA). Dried DNA samples were
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dissolved 1n alkaline loading bufier (2.5% Ficoll, 50 mM
NaOH, 1 mM EDTA, and 0.025% Bromocreosol green),
loaded and run at 1 V/cm (250-300 mA) for 12-16 hours at
room temperature with bufler circulation. The gel was
neutralized by soaking 1n 1xTBE bufler for 1 h and vacuum
blotted onto the nylon membrane. The material transierred
to the membrane was thereafter probed with radioactive
TelG. Reactions were conducted with four dNTPs with
TelC; with four dANTPs without TelC primer; and with three
dNTPs with TelC primer.

The time course of the reactions with TelC primer and
four dNTPs showed that the rate of C_ synthesis was
approximately 250 b/min. DNA fragments of similar size
were synthesized when dGTP was omitted, indicating the
telomeric origin of the products and the absence of guanine
blocks 1n the terminal 4 kb of the human telomere C-strands.
Incorporation of dUTP followed by incubation with dU-
glycosylase and alkaline treatment caused loss of the C,
products. Reactions with equal numbers of human and rat
telomeres gave nearly 1dentical amounts of C_ product, even
though the rat telomeres are 10 times longer (Makarov et al.,
1993), consistent with priming only at termini. These results
demonstrate that the strand replacement synthesis with Taq
DNA polymerase can proceed 1n a controlled fashion at least
4 kb along double-stranded native DNA.

The results are interpreted as synthesis of new DNA
strands beginning at the telomere termini. Several alterna-
tive explanations can be ruled out. First, no products were
generated 1n the absence of the TelC primer, showing that
there are not significant numbers of gaps or nicks in the
C-rich strands. Discontinuities in the G-rich strands are
ruled out by the fact that the products were of high molecular
weight.

To further confirm the nature of the reaction, alkaline
agarose electrophoresis analysis and detection by ({ilter
hybridization was mnvestigated when the naturally occurring,
G-tails were removed. To remove G-tails 10 mg of IMR-90
DNA was 1ncubated with 300 units/ml S1 nuclease for 15
min at 37° C. 1n 50 mM NaAc pH 4.5, 1 mM ZnCl,, and 200
mM NaC(l, or with 20 units/ml Bal 31 nuclease for 5 min at
30° C. 1n Bal 31 bufler. For the same purpose, 2 ng of
plasmid construct, 10 mg of IMR-90 DNA, or a mixture of
the two was incubated with 10 unmits of T4 DNA polymerase
for 10 min at 37° C. mn 50 mM Tris-HCI pH 8.8, 15 mM
(NH,),S0O,, 7 mM Mg(Cl,, 0.1 mM EDTA, 10 mM 2-mer-
captoethanol, and 100 pug/ml bovine serum albumin DNA
was extracted and resuspended 1n builer.

T4 DNA polymerase trlmmmg reduced the amount of
product by more than 10-fold in reactions with (a) the
plasmid construct, (b) IMR-90 DNA, or (¢) a mixture of
IMR-90 DNA and construct (“+” indicates treatment and
“~ 1indicates no treatment). Treatment of IMR-90 DNA with
S1 nuclease or with Bal 31 nuclease completely eliminated
the reaction. These data strongly indicate that the strand
replacement synthesis requires a 3' G-rich terminus.

G-tails do not seem to be generated or lost during DNA
1solation. Concentrations of proteinase K and EDTA were
increased during DNA 1solation, without efiect on the signal.
The 1solation protocols were changed 1n an attempt to test
the sensitivity of the assay to formation of unusual second-
ary structure (e.g., exposure ol a G-tail due to strand
slippage, or concealment of a G-tail due to formation of
(G-quartets ). Cells and nuclei were incubated with the diges-
tion bufter at 45, 37, and 25° C. to reduce the chance of
thermally-induced conformational transition. K¥ and Na™
ions were excluded and replaced by Li*™ or Tris™ in all
1solation steps to reduce the possibility of G-quartet forma-
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tion. Extractions with phenol and chloroform were replaced
by dialysis to avoid organic solvents and precipitation. None
of the protocols tested had qualitative or quantitative effects
on the strand replacement reaction or on non-denaturing
hybridization (see below). Thus the assays for G-tails are
robust and not sensitive to changes in treatment.

EXAMPLE 3

Strand Replacement Synthesis to Measure the

Abundance and Length of Telomere 3' Overhangs

In this example, the strand replacement method of the
present 1nvention was combined with non-denaturing
hybridization to determine the average lengths of 3' tails in
humans. Hinf I digested human DNA, plasmid constructs
with 100 b, 170b and 220 b overhangs, or a nearly equimolar

(1n terms of telomere ends) mixture of human and plasmid
DNA were hybridized at 50° C. with 1 nM>*P-TelC in 20-30

wl of hybridization buffer (50 mM NaCl, 1 mM EDTA and
50 mM Tris-HCI, pH 8.0) for 12-16 h. Some of the samples
were subjected to strand replacement (100 mM dNTP, 5
umts Tag DNA polymerase; 10 min at 55 ° C.), then all
samples were electrophoresed on a 1% agarose/TAE gel,
clectroblotted onto a nylon membrane for 16 h and quanti-
tated. The absolute telomere molarity of the IMR90/P04
DNA solution was approximated by spectrophotometry. The
molarities of plasmid constructs and telomeres from differ-
ent human cells were determined by CCD analysis of
fluorescence of ethidium bromide stained gels; the signal
intensities of plasmids and telomeres were normalized to the
signal intensities of a DNA Mass Ladder (GIBCO BRL) and
IMRO0/P04 DNA, respectively. *?P-labeled TelC was
hybridized under native conditions to the same numbers of
human telomeres and control DNA constructs with known
lengths of 3' overhangs. The telomeres and constructs were
clectrophoresed to remove unbound TelC, and the average
length of G-tails determined by two independent methods.

An autoradlogram of DNA samples from blood, HUVE,
and primary IMR-90 cells showed broad bands of radioac-
tivity at 10-12 kb, coinciding with the telomere terminal
restriction fragments found by denaturing hybridization,
except for the absence of the sharp bands due to the
interstitial (TTAGGG), tracts. Treatment of the human and
construct DNA with S1, mung bean, or Bal 31 nucleases, or
with T4 DNA polymerase led to elimination or significant
reduction (after T4 polymerase) of the non-denaturing

hybridization signal without affecting the size or intensity of
the denaturing hybridization signal. The strength of the TelC
hybridization was the same for DNA 1solated from both cells
and nuclel, prepared by phenol extraction or by only pro-
temnase K/SDS digestion and dialysis. Non-denaturing
hybridization with TelG was 20-30 times lower than with
TelC for both human and plasmid DNA, consistent with the
absence of single-stranded (CCCTAA), and a very low level
of G:G hydrogen bonding. DNA constructs with
(CCCTAA), overhangs hybridized strongly to TelG and
showed no binding to TelC. The low efliciency of hybrid-
ization of telomeres with TelG 1s strong evidence that the
G-tails are covalent extensions (1.e., diflerent lengths of the
C- and G-rich strands) rather than conformational extensions
(1.e., shippage of the C- and G-rich strands producing
(G-overhangs and C-loops). TelC hybridizes to the constructs
with weight-average G-tail lengths of 0, 100, 170, and 220
b showed that the TelC hybnidization signals were nearly
proportional to the average lengths of the G-overhangs (FIG.
11). Thus, quantitation of the amount of TELC hybridization
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under these non-denaturing conditions can be used to deter-
mine the abundance of single stranded telomere DNA at the
ends of chromosomes.

The lengths of the G-tails were first measured by com-
paring the hybrnidization signal of TelC to genomic DNA 5
with that of TelC to DNA constructs having G-tails of known
lengths. Using non-denaturing hybridization of Hinf I-di-
gested IMR-90/P04 DNA mixed with an equimolar amount
of telomeric ends from the construct with a 100 b G-tail, the
hybridization signal of the human DNA was 1.25 times 10
greater than that of the plasmid control. To accurately
determine the relative molarity of the human and plasmid
overhangs, the same samples were subjected to a 10 min
strand replacement reaction, which should destroy all but the
terminal TelC. The relative hybridization signals for the 15
human and plasmid DNA were easily measured, because of
the low background in the plasmid-only control. Assuming
that the same number of labeled oligonucleotides remained
bound to the ends of the human and plasmid DNA, the
molarity of the plasmid ends was 11% greater than that of 20
the human DNA. This similarity 1n the estimated molarities
of the telomere ends and G-overhangs 1s consistent with the
inventors’ finding that most or all telomeres have G-tails.
Thus, the non-denaturing hybridization signal for the human
DNA was 1.39 times greater than to the same number of 25
moles of plasmid with 100 b overhang. Using the experi-
mental dependence of hybridization upon G-tail length, the
inventors calculate that the IMR-90/P04 overhangs were 154
b long (FIG. 11).

In a separate study Tel C was hybrnidized under non-
denaturing conditions to IMR-90/P04, IMR-90/P10, immor-
tal IMR-90, leukocyte, and HUVE cells. The relative
amounts of DNA were determined from ethidium bromide
fluorescence, and the relative amounts of hybridization by
autoradiography. The lengths of the G-tails were between

130 and 210 b long, assuming that the IMR-90/P04 over-
hangs were 154 b long (Table 3).

The lengths of the IMR90-P04 G-tails were also estimated
from the fraction of hybridized TelC that 1s removed by the
strand replacement reaction. SR decreased the radioactivity
of the human and plasmid DNA by factors of 6.2 and 4.5,
respectively, leading one to conclude that the human and
plasmid ends bound an average of 6.2 and 4.5 oligonucle-
otides. Assuming that Tel C saturated the G-tails, the size of
the overhangs can be estimated to be 149 1n human and 108 45
bases 1n the construct The consistency of these numbers with
the earlier results increases the confidence 1n the estimates of
the length and abundance of telomere G-tails.
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EXAMPLE 4

Measuring Telomere Defects

The current method of studying telomere shortening 1s
inaccurate 1n determining the average length of telomeres,
unable to determine the distribution of telomere lengths
(particularly the lengths of the shortest telomeres) and 1s
insensitive to defects in the sequences of the telomeric DNA.
The present invention provides methods to overcome these
limitations. These methods can measure the potential that
individuals (particularly those with age-related conditions
such as cancer, AIDS, Alzheimer’s, atherosclerosis, and the
progerias) will experience a “telomere crisis” due to telom-
ere shortening, and in predicting or evaluating the eflicacy of

anti-telomerase therapy or other therapies designed to con-
trol telomere function in the treatment of those diseases.

While the successiul use of the methods of the present
invention does not depend on a precise understanding of the
mechanism of telomere shorting, the present invention con-
templates that the functional parts of telomeres (FIG. 12)
include regions C and D only, and that exposure of regions
A or B to the termini of one or more chromosomes as the
result of telomere shortening 1n normal or precancerous
human cells will result in dysfunction of the telomeres,
specifically arrest of growth and/or chromosome 1nstability.
Evidence that the sequences 1n region B are not functional
comes from studies showing that cells cannot survive with
new telomeres made with telomere-like sequences such as
(I'TGGGG)n and that cell-free extracts are not able to
prevent such sequences from non-covalently attaching to
cach other. Such non-covalent attachments in human cells
might lead to the non-clonal telomere associations that
characterize the cells of elderly humans and certain human
diseases such as ATM and giant cell osteogenic sarcoma It
1s critical to directly measure the average and the shortest
lengths of region C in human cells and to determine the
DNA sequences 1n region B 1n order to defimitively test the
telomere hypothesis of aging and cancer. If the proposed
mechanism 1s correct, such measurements could find clinical
applications to test individual humans to accurately measure
the rate of telomere shortening or lengthening, predicting
future chromosome instabilities, predicting the future behav-
ior of tumor cells or lymphocytes i HIV positive or
Alzheimer’s individuals, and predicting the eflicacy of
telomere-modilying therapies.

In one embodiment, the steps of the method of the present
invention for mapping sequence defects 1 telomeres com-
prises: 1) mitiation of the synthesis of a new DNA molecule

Measured Fractions And Lengths Of G-rich Tails In Human and Control DNA

DNA Control IMR-90/ IMR-90/ IMR-90

Sample Plasmid PO4 P10 Immortal HUVE
Fraction 0.85 0.86 £ 0.03 0.89 £0.03 0.88 £0.03 0.87 £0.03
of (N =1) (N=17) (N = 4) (N =3) (N = 3)
strands

with

detectable

G-tails®

Average 100¢ 154 (149)¢ 210 130 150
length (108)¢

of G-tail

(bases)®

Leukocyte

0.82 + 0.05
(N = 3)

200
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beginning at or near the chromosome terminus, 2) elonga-
tion of the synthesis of a new DNA molecule with the
repetitive sequence (CCCTAA)n, which 1s characteristic of
a lfunctional vertebrate telomere, and 3) termination of
synthesis at an unexpected base, specifically at the first point
at which a guanosine 1s present 1n the “C-rich strand” within
the unique sequence adjacent to the telomeres near the
right-most end of fragment A, or within region B (see the
arrow 1n FI1G. 12). This mapping reaction has the same basic
characteristics of the sequencing reactions, described above,
except that termination 1s achieved when the polymerase 1s
directed to incorporate a guanine into the growing strand,
and the analysis 1s performed by low resolution electro-
phoresis of high molecular weight DNA product on an
agarose gel, as opposed to sequencing which employs single
base-resolved electrophoresis on a polyacrylamide gel.

More specifically, when only three natural nucleotides 1s
provided to the polymerase, specifically dATP, dTTP, and
dCTP, elongation will proceed unimpeded, copying all of the
G-rich strand of the telomeric sequence, (TTAGGG)n. Ter-
mination will occur however, the first time that a guanosine
appears 1n the C-rich strand, which will happen within a few
bases of unique-sequence DNA, 1n region A, or perhaps
within the telomere-like sequences that might exist 1n region
B (FIG. 12). In other words, elongation will stop only when
a specific type of defect occurs 1n the sequence. When such
a cytosine 1s present the polymerase will be unable to add a
new base due to the fact that dGTP 1s not present in the
reaction, or an 1incorrect base will be incorporated. To
optimize the reaction with Taq or to use other enzymes, with
prooireading activities, a certain concentration of ddGTP (to
be optimized) can be added to the reaction mixture to msure
a full stop of elongation.

The length of the synthesized DNA 1s measured in order
to determine how far from the chromosome terminus the
termination event has occurred. The advantage of this gen-
eral technique 1s that it can determine the total length of
regions C+D+(a fraction of region B), without being sensi-
tive to the chromosome-specific variations 1n the length of
regions A and B. The reaction products are electrophoresed
on a denaturing alkaline agarose gel to separate them
according to molecular weight and detected by standard
methods. I a label 1s incorporated only 1nto the oligonucle-
otide primer, 1into the 1nitial few bases of the strand replace-
ment reaction, or into ddGTP, the distribution of number of
telomeres of different molecular weights can be determined.
This provides a relatively easy means to measure the lengths
and abundance of telomeres with very short C+D regions, as
might be found 1n geriatric individuals or 1n cancer cells.

EXAMPLE 5

Mapping of Telomere-Like Sequences 1n Region B

When all 4 dN'TPs are present during a DNA polymerase
replacement synthesis initiated from the end of chromo-
somes (as described above) the distance of the polymerase
from the end will depend upon reaction time. As longer
products are made, they will have 3' ends 1n regions D, C,
B, and then A. There are many ways to use the strand
replacement method of the present invention to determine
the properties of the telomeric sequences specific distances
from the terminus. For example, the strand replacement
reaction can be initiated with a vaniable time of incorpora-
tion of dUTP, dGTP, dCTP, and dATP, followed by removal
of the dUTP and replacement with dT'TP and continuation of
the strand replacement reaction for a fixed time. The prod-
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ucts are schematically shown 1n FIG. 13. Subsequently, the
uridine bases can be destroyed using deoxyribouridine gly-
cosylase and heat, leaving only the DNA bases added at the
end of the reaction, which are different distances from the
termini of the chromosomes. This DNA can be hybridized to
probes contaiming (1 TAGGG), and washed at different strin-
gencies to detect whether the DNA has the (TTAGGG),
sequence, or a variant sequence. Alternatively oligonucle-
otide probes with different sequences can be hybridized to
the SR products and washed under stringent conditions to
search for specific variant sequences. In principle the prod-
ucts of strand replacement reactions for different times can
be combined in the same sample, electrophoresed under
denaturing conditions to separate the products according to
molecular weight (1.e., with 3' ends located different dis-
tances from the chromosome termini), the DNA blotted to
filter, the dUTP sites destroyed, and the remaining DNA
hybridized to different probes to determine the nature of the
DNA sequences diflerent distances from the end. In prin-
ciple, even single-base varnations in the sequences of the
glycosylase-resistant fragments could be detected by hybrid-
1zing the SR products to labeled telomere sequence oligo-
nucleotides such as (TTAGGG), (SEQ ID NO:6), tollowed
by cleavage of the oligonucleotide at any mismatched sites
using any one of a number of single-base mutation detection
reagents, such as £. coli endo IV. The cleaved oligonucle-
otides can be detected by gel electrophoresis or by loss of
energy transier between fluorescent groups at the ends of the
oligonucleotides. This type of reaction lends itself to auto-
mation.

In one embodiment, the strand replacement reaction 1s
performed from the beginning in the presence of the 4
normal dNTPs. All that 1s required 1s the separation of the
SR products from the genomic DNA. As in the previous
paragraph, the products of many times of strand replacement
can be combined into one sample, which can be separated by
molecular weight, hybridized to the oligonucleotide, trans-
ferred to a filter, washed to remove unbound oligonucle-
otides, and cleaved for detection of mismatched bases
located at different distances from the ends of the telomeres.
Alternatively, the sequence purity at a specific distance from
the end can be mapped by detecting variations from the
exact 6 base repeat of thymine along the SR product strand.
In this assay, after a controlled time of strand replacement 1n
the presence of dC'TP, dATP, dGTP, and a controlled ratio of
dUTP to dTTP, the nucleotides are removed and replaced
with dCTP, dATP, dGTP, and a controlled ratio of dTTP and
radioactively- or fluorescently-labeled ddTTP. All SR prod-
ucts would then terminate with a labeled 3' dideoxy thymi-
dine. Degradation of the DNA using deoxyribouridine gly-
cosylase and heat would then terminate the other ends of the
products at positions containing thymidine. For reactions
terminating in regions ol the chromosomes with pure
(ITAGGG)n tracts the labeled DNA fragments would form
a 6 base ladder on a sequencing gel. For regions with
sequence variations that did not retain the perfect 6 base
repeat of thymidine, the sequencing gels would exhibit loss
of the 6 base ladder. The best method to detect sequence
variations within the telomeres will depend upon the nature
of the vanations found, whether they involve occasional
guanines 1n the 3' strands, non-guamne substitutions for the
normal repeat, or variations in the number of bases within
some ol the repeats. The nature of the actual sequence
defects in human telomeres has not been studied in any
detail. The methods of mapping of the present invention can
be applied to determiming the types of sequence defects
present within telomeres 1n normal and abnormal human
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cells. For example, the DNA synthesized different distances
from the ends of telomeres can be cloned and sequenced by
standard methods to discover the actual sequence variants
present.

EXAMPLE 6

Sequencing Double-Stranded DNA Using
ddNTP-Terminated Strand Replacement Reaction

A strand replacement sequencing reaction was performed
on a linear, double-stranded plasmid template using Taq
polymerase, *°P radioactively labels, and polyacrylamide
clectrophoresis. The study involved a) DNA preparation, b)
strand replacement, ¢) and gel electrophoresis.

A) DNA Preparation

40 ug of plasmid pUC19 (New England Biolabs) was
digested 2.5 h at 37° C. with 200 units of Bam H1 (Boe-
hringer Mannheim Biochemicals, “BMB”) m 200 ul of
0.1xBMB “restriction builer B.” The fraction of linearized
plasmid was checked by electrophoresing 2 ul of the
restricted DNA solution on a 1% agarose gel. The termini of
the restricted plasmid were dephosphorylated in a 30 min
reaction at 37° C. with 188 ul of the restricted DNA (39.5
ug), 23 ul of 10x alkaline phosphatase buller (BMB), 5 ul of
shrimp alkaline phosphatase (BMB), and 2 ul H,O. The
solution was then heated to 70° C. for 15 min to inactivate
the alkaline phosphatase. The DNA was precipitated by
adding 5 ul glycogen (10 ug/ul), 23 ul 3 M sodium acetate
(pH 5.2), and 2.5 volumes 100% ethanol, and stored over-
night at =70° C. The DNA was pelleted 15 min at 13,000 g
and the pellet washed twice with cold 70% ethanol. The
DNA was resuspended i 70 ul H,O.

The DNA 1 67.8 ul was mixed with 7.2 ul of double-
stranded adaptor oligonucleotide (25 pmol/ul), 20 ul of 5x
ligation bufler (BMB), and 5 ul (1 unit/ul) T4 DNA ligase
(BMB). The ligation reaction took place overnight at 14-16°
C. The ligase was inactivated at 70° C. for 15 min. The
ligation substrates and products had the following structure:

Bam HI - Adaptor

Before ligation: pUCLS

5'===GTACCCGGG-0OH P-GATCGACGAUACCGUGGACCUCGTTTTT
3'—=-CATGGGCCCCTAG-0OH OH-TGCTATGGCACCTGGAGCAAAA
After ligation:

5 mm——— GTACCCGGGGATCGACGAUACCGUGGACCUCGTTTTT 3' OH

3 mm— CATGGGCCCCTAG TGCTATGGCACCTGGAGCAAAA 5' OH

*1 nucleotide gap

After ligation, 98 ul (39 ug) pUC19 was digested for 2.5
h at 37° C. with 16 pl (10 units/ul) Pst I, 30 ul bufler H
(bufler H from BMB), and 156 ul H,O, 1n order to remove
the adaptor oligonucleotide from one end of the molecule.

This insured that the strand replacement reaction would
initiate at one end of the template. Aliquots of the DNA were
analyzed to insure that ligation and restriction had been
complete. The 2.7 kb ligated BamH I/Pst I pUC19 fragment
was purified on 1% low melting agarose. The gel band (1.6
ml) was excised from the gel and incubated for 10 min at 65°
C., and then incubated with 2 h at 45° C. with 10 ul agarase
(1 unat/ul), 66 ul 25x agarase butter (BMB). The sample was
mixed with 166 ul of 3 M sodium acetate (pH5.2), mixed,
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and spin at 13,000 g for 10 min. The supernatant was spun
a second time for 10 min and the DNA extracted with
phenol/chloroform once and chloroform twice. DNA was

precipitated as above and suspended in 40 ul H,O. Final
yield was 15 ug DNA.

B) Strand Replacement
Two protocols were used for the SR sequencing reactions.
The solutions and reagents for the sequencing reactions were

as follows. The Buflers were: Buller A: 100 mM Tris HCI,
pH 8.0, 100 mM MgCl,; and Buffer B: 500 mM Tris HCI,
pH 8.9, 100 mM KCIl, 25 mM MgC(l,. The Labeling Mix was
10 uM dGTP, 5 uM dCTP, 5 uM dTTP, 10 uM Tris HCI, pH
8.0. The Polymerization/Termination Mixes were as fol-
lows: G-terminating mix: 30 uM dNTP; 0.25 mM ddGTP;
0.37 mM MgCl,; A-terminating mix: 30 uM dNTP; 1.0 mM
ddATP; 1.12 MM MgCl,; T-terminating mix: 30 uM dNTP;
1.5 mM ddTTP; 1.62 mM MgCl,; and C-terminating mix:
30 uM dNTP; 0.5 mM ddCTP; 0.62 mM MgCl,; where 30
uM dNTP represents 30 uM of each of dGTP, dCTP, dATP
and dTTP. The Labeling Solution was 2 ul **P-dATP [3000
Ci/mmol (3.3 uM), Amersham], 2 ul 10 uM dATP, 1 ul 50
mM Tris HCI, pH 8.0. The Tag DNA Polymerase Dilution
Bufler was 10 mM Tris HCI, pH 8.3, 30 mM KCl, 0.5%
Tween 20, 0.5% Nomdet P40. The Stop/Loading Solution
was 95% formamide, 20 mM EDTA, 0.05% Bromphenol
Blue, 0.05% Xylene Cyanol. The Tag DNA Polymerase was
AmpliTag, (Cat. # N801-0060, Perkin Elmer), and the
nucleotides were GeneAmp dNTPs, 10 mM, (Cat. # N8OS-
0007, Perkin Elmer) and ddNTPs (Cat. #7735 304, Boe-
hringer Mannheim).

The first protocol details sequencing using [o.->~P] dATP
for the icorporation of label. To insure that all the strands
were bound to primer, the DNA was hybridized under
non-denaturing conditions to the primer oligonucleotide

SNAAAACGAGGTCCACGGTATCGT-3' (SEQ ID NO:7).
To do this 0.2 pmol pUC19 DNA (0.17 pmol/ul or 0.3 pg/ul)
was added to 0.4 pmol primer (0.1 pmol/ul), 1 ul Bufler A

or 2 ul of Buffer B, and H,O to make a total of 10 ul. The
mixture was heated at 65° C for 5 min, then at 37° C. for

30 min. To one tube was added 2 ul of the labeling mix, 2
ul of the labeling solution, 1 ul Tag DNA polymerase
(diluted 2 times with Taq dilution bufler), and 5 ul H,O. The
mixture was 1mcubated at 37° C. 5 u aliquots were taken after
1 min, 2 min, 5 min, and 10 min of the labeling reaction.
Then 2 ul of the “A”-terminating mix were added to 4 ul of
labeled DNA (after 1, 2, 5 and 10 min reaction) 1n a 0.5 ml
tube, covered with mineral o1l and incubated at 55° C. for 10
min. The reaction was stopped by adding 4 ul of the
Stop/Loading solution. Samples were heated at 95° C. for 3
min, cooled at 4° C. and loaded on the sequencing gel.

The second protocol details sequencing using a kinase
>*P-labeled primer, end labeled using [y-32P] ATP. Prior to
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initiating strand replacement, a mix was made comprising 3
ul pUC19 DNA (0.5 pmol), 2 ul of **P-kinase labeled primer

(1 pmol), 1 ul Bufler A or 3 ul Buffer B, 9 ul 10 mM Tris
HCI, pH 8.0 (if Buffer A) or 11 ul H,O (1f Bufler B). The
mixture was heated at 65° C. for 5 min, and then at 37° C.
for 30 min. To mtiate strand replacement, 1 ul of Tag DNA
polymerase (diluted 2 times with the dilution bufler) was
added to the mixture at room temperature to create a second
mixture. Thereafter, the following solution were added to 4
wl of this second mixture: 2 ul of the “G-terminating mix”
(“G”-tube); 2 ul of the “A-terminating mix” (“A”-tube); 2 ul
of the “T-terminating mix” (““I”’-tube); 2 ul of the “C-ter-
minating mix” (“C”-tube); and 2 ul of the 30 mM dNTP mix
(“dNTP”-tube). The “G”, “A”, “T”, “C” and “dNTP”-tubes
were incubated at 55° C. for 10 min. The reaction was
stopped by adding 4 ul of the Stop/Loading solution, and the
reaction was heated at 95° C. for 3 min, cooled at 4° C., and
loaded on sequencing gel.

5 C) Gel Electrophoresis

A standard denaturing 6% polyacrylamide sequencing gel
was run under standard conditions (Ausubel et al., 1991).
The “*P-labeled SR products were detected by autoradiog-
raphy on film, exposed ~8 h at room temperature. FIG. 14A
and FIG. 14B are images of the autoradiograms. FIG. 148
represents the reactions performed in bufler B. Lanes 1-4
represent DNA labeled with °“p dATP for 1 min, 2 min, 5
min, and 10 min, respectively. Each of these reactions
incorporated ddATP. The bands are at the positions expected
for adenines 1n the pUCI19 sequence. Very little background
1s found between bands and the bands have uniform inten-
sity. At this ratio of ddATP to dATP, the strand replacement
reaction continued on to high molecular weight, beyond the
resolution of the gel. Lanes 3-8 correspond to DNA labeled
using kinase-labeled primer from diflerent termination
tubes, “G-tube”, “A-tube”, “I-tube”, and “C-tube”, respec-
tively. Each of these lanes had bands corresponding to
ddNTP termination at the cognate base position in the
double-stranded template DNA. The ddNTP mixes have not
been optimized to give the same radioactivity 1n each lane,
however all lanes show termination at the ddNTP sites
without detectable background between lanes due to prema-
ture termination of the SR sequencing reaction. Band inten-
sities are very uniform from site to site within lanes, except
where bands overlap due to homopolymeric tracts. Lane 9
corresponds to DNA labeled using kinase-labeled primer 1n
the reaction of the “dNTP tube.” This reaction shows no
termination of the strand replacement reaction at low
molecular weights, illustrating lack of detectable premature
termination of the product. FIG. 14A represents the same
reactions seen in the left panel, with the exception that the
reactions were run in butler A. Under these conditions there
are detectable amounts of premature termination, even 1n
lane 9, which represented the “dNTP tube.” Thus the strand
replacement synthesis from a double-stranded template can
be used to sequence DNA.

EXAMPLE 7

“Base Walking” Sequencing Reactions

Multiple base sequencing involves specifically labeling
DNA molecules with 3' ends terminated at specific combi-
nations of two or more bases. This process involves one or
more cycles of “base walking” with a specific series of bases
tollowed by a “termination” reaction with a selected labeled
nucleotide. For example, to label strands terminated with the
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dinucleotide AT, there would be a single A-walk reaction
followed by a T-termination reaction. The two critical steps
of an N-walk (where N 1s one of the four base types) are a
“dd(-N)-blocking” (dideoxy minus N-blocking) reaction,
followed by removal of umncorporated nucleotides, and
then followed by an “N-extension” reaction. The dd(-N)-
blocking reaction consists of reacting the 3' OH ends with
polymerase and all three of the dideoxyribonucleotide bases
except the specified N base. The N-extension reaction con-
sists of reacting the 3' OH ends with the specified N base.

Single N-extension reactions with different ANTPs and
blocking reactions with mixtures of three different ddN'TPs
were performed on model oligonucleotide templates DNA
using ThermoSequenase™ (Amersham), °“P radioactively
labeled primers, and polyacrylamide electrophoresis. The
single-base extension reactions were performed using phos-
phorothiolated bases, which are incorporated with the same
clliciency and fidelity as normal nucleotides by DNA poly-
merase. Theretfore, the same results are obtained i1f normal
nucleotide bases are used. The experiments involved reagent
preparation, N-extension reactions, dd(-N) blocking reac-
tions, and gel electrophoretic analysis of the products. The
results directly show that the blocking and extension reac-
tions are highly specific and eflicient The high specificity of
the blocking reactions show that termination reactions are
also specific and eflicient. Thus the results show that the
basic steps of multiple-base sequencing have been achieved.

A. Reagent Preparation

The oligonucleotides used for preparation of the model

constructs had the following structure: Oligo-template,
S"CAGGATGTGACCCTCCAGCACATAGGTCTACG-3'

(SEQ ID NO:8); Primer A, 3'-GGTCGTGTATCCAGAT-
GCCAG-5' (SEQ ID NO:9); Primer G, 3'-GAGGTCGTG-
TATCCAGATGCCAG-5 (SEQ ID NO:10); Primer T,
I-GGGAGGTCGTGTATCCAGATGCCAG-5" (SEQ 1D
NO:11); Primer C, 3'-ACTGGGAGGTCGTGTATCCA-
GATGCCAG-5' (SEQ ID NO:12). 10 pmol of each oligo-
nucleotide primer A, T, G and C were separately 5'-end
labeled for 10 min at 37° C. using 10U T4 kinase (BRL), 10
uC1 v-ATP (Amersham) and 1xT4 kinase bufler (BRL) 1n 25
ul volume. Reaction was terminated by adding 0.5 ul of 0.5
M EDTA and 74.5 ul H,O and heating for 10 min at 90° C.
(final concentratlon-IOO nM). 10 ul (1 pmol) of each **P-
labeled primer A, T, G, and C were mixed with 40 ul of 10
uM oligo-template, 10 ul of GeneAmp 10xPCR bufler II
(500 mM KCl, 100 mM Tris-HCI, pH 8.3; Perkin Elmer), 6
wl 25 mM MgCl,, and 4 ul H,O. The mixture was heated to
85° C. and then annealed during slow overnight cooling to

room temperature. The mixed construct was stored at —20°
C.

The buflers used were as follows: 1x Walk bufler (50 mM
KCl, 10 mM Trns-HCI, pH 8.3, 1.5 mM MgCl,); TE buller
(10 mM Tris-HCI, pH 7.5, 0.1 mM EDTA); “Stop” solution
(2.25 M sodium acetate, 63 mM EDTA, 2.5 mg/ml glycogen
(Boehringer Mannheim Biochemicals, “BMB™)). The dNTP
mixes used were: “10 uM a.-S-dATP”: 10 uM a-S-dATP n
1x Walk buffer, “10 uM a.-S-dTTP”: 10 uM a-S-dTTP 1n 1x
Walk butter, “10 uM a-S-dGTP”: 10 uM a-S-dGTP m 1x
Walk buﬁ"erj and “1 uM a-S-dCTP”: 1 uM a-S-dCTP 1n 1x
Walk bufler.

The Balanced dd(-N) mixes were as follows: Balanced
stock “dd(-A) mix”: 400 uM ddTTP, 400 uM ddGTP, 50 uM
ddCTP 1n 1x Walk bufler, Balanced stock “dd(-T) mix™:
1000 uM ddATP, 400 uM ddGTP, 50 uM ddCTP 1n 1x Walk
bufler, Balanced stock “dd(-G) mix”: 1000 uM ddATP, 400
uM ddTTP, 530 uM ddCTP 1n 1x Walk bufler, and Balanced
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stock “dd(- C) mix”: 1000 u\/[ ddATP, 400 uM ddTTP, 400
uM ddGTP 1n 1x Walk builer. To prepare “1/10 dd(-N)”,
“1/100 dd(-N)”, “1/1000 dd(-N)”, and “1/10000 dd (-N)”

mixes balanced stock dd(-N) solutions were diluted 1:10,
1:100, 1:1000, and 1:10,000 with 1x Walk bufler. The

Unbalanced dd(-N) mixes were as follows: Unbalanced
“dd(-A) mux”: 200 nM ddTTP, 200 nM ddGTP, 20 nM
ddCTP 1 1x Walk bufler, Unbalanced *“dd(- T) mix”: 200
nM ddATP, 200 nM ddGTP, 20 nM ddCTP 1mn 1x Walk
butler, Unbalanced “dd(-G) mix”: 200 nM ddATP, 200 nM
ddTTP, 20 nM ddCTP 1n 1x Walk builer, and Unbalanced
“dd(-C) mux”: 200 nM ddATP, 200 nM ddTTP, 200 nM
ddGTP 1n 1x Walk bufler.

B. N-Extension Reactions

Single-base polymerase extension reactions were demon-
strated using the labeled mixed construct, ThermoSequenase
(Amersham), dN'TPs and a-S-dNTPs (Amersham). 45 ul of
the mixed construct was supplemented with 67.5 ul of 1x
Walk bufler and 7 ul of ThermoSequenase (diluted 1:32 with
ThermoSequenase dilution buffer, Perkin Elmer). 25 ul
aliquots of this solution were placed into four 0.5 ml PCR
tubes, preheated for 2 min at 45° C. and combined with 235
ul of preheated “10 uM o-S-dATP”, “10 uM a-S-dT'TP”,
“10 uM a-S-dGTP”, or “1 uM a-S-dCTP” solutions. The
reaction was performed for 10 min at 45° C., stopped by
adding 8 ul of “Stop” solution and the constructs were

cthanol prec1p1tated Recovered oligonucleotide pellets were
dissolved 1n 10 ul of TE bulfler.

C. dd(-N)-Blocking Reactions and Subsequent Walking

“dd(-N)-blocking” reactions were demonstrated using the
same mixed construct, ThermoSequenase and 4 mixtures of
three ddN'TPs (BMB). In the first experiment, 36 ul of the
mixed labeled construct was supplemented with 414 ul of 1x
Walk bufler, and 18 ul of ThermoSequenase (diluted 1:32).
25 ul aliquots of this solution were placed into sixteen 0.5 ml
PCR tubes, preheated for 2 min at 45° C. and combined with
25 ul of preheated balanced “dd(-N) mixes” of different
concentration (1/10, 1/100, 1/1000, and 1/10,000 of stock
concentration). The reactions were performed for 5 min at
45° C., stopped by adding 8 ul of “Stop” solution and the
constructs were ethanol precipitated.

In the second experiment 22.5 ul of the mixed labeled
construct was supplemented with 90 ul of 1x Walk bufler
and 8 ul ThermoSequenase (diluted 1:32). 25 ul aliquots of
this solution were placed into four 0.5 ml PCR tubes,
preheated for 2 min at 45° C. and combined with 25 ul of
preheated non-balanced “dd(-N) mixes.” The reactions were
performed for 10 min at 45° C. and processed as described
before. Recovered oligonucleotide pellets were washed with

80% ethanol, dried, and dissolved in 10 ul of TE bufler.

To complete the N-walk reaction cycle, extension reac-
tions were performed on the dd(-N)-blocked oligonucle-
otides. To show that the unblocked DNA ends could be
extended by DNA polymerase, one half (5 ul) of each

product of the blocking experiment above was supplemented
with Walk bufler, 100 uM dATP, 100 uM dTTP, 100 uM

dGTP, and 10 uM dCTP, and 1 U of ThermoSequenase,
incubated for 15 min at 45° C., and stopped by adding 1 ul
of 100 mM EDTA.

D. Gel Electrophoretic Analysis

A standard denaturing 16% polyacrylamide sequencing
gel was run under standard conditions (Ausubel et al,. 1991).
The **P-labeled oligonucleotide polymerase extension prod-
ucts were detected and quantitated using a Molecular
Dynamics 400A Phospholmager and Image(Quant software.
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FIG. 24 shows the results of single-base extension experi-
ment. Lane 1 represent primer A (21 bases), primer G (23
bases), primer T (25 bases), and primer C (28 bases) before
extension. Lanes 2-5 represent products of single-base
extension reactions in the presence of 1 uM o-S-dCTP, 10
uM o-S-dGTP, 10 uM a-S-dTTP, and 10 uM a.-S-dATP,
respectively. Arrows indicate the positions of elongated
products. As expected primer G incorporated two guanine
bases and migrates as a 25-mer, while each of the other
primers were extended by a single base. The results pre-
sented 1n FIG. 24 show that under specific conditions a
single-base extension can be performed near completion
without any noticeable misincorporation 1nto incorrect posi-
tions.

FIG. 25 shows the results of the dd(-N)-blocking reac-
tions using different concentrations of “dd(-A) mix” (lanes
1-4), “dd(-T) mix” (lanes 5-8), “dd(-G) mix” (lanes 9-12),
and “dd(-C) mix” (lanes 13-16). Lanes 1, 5, 9, and 13
correspond to 1/10,000 of stock concentration; lanes 2, 6,
10, and 14 correspond to 1/1000 of stock concentration;
lanes 3, 7, 11, and 15 correspond to 1/100 of stock concen-
tration; and lanes 4, 8, 12, and 16 correspond to 1/10 of stock
concentration of “dd(-N) mixes.” The results indicate that
the dd(-N)-blocking reactions are highly specific and very
ellicient. Practically no primers remain unblocked except the
selected primers, which, in turn, show no detectable misin-
corporation of ddNTPs.

FIG. 26 shows extension of those primers that should still
have 3' OH groups atter the blocking reactions. Lanes 1, 3,
5, and 7 contain the oligonucleotide mixture after the
blocking reactions with “dd(-A)”, “dd(-T)”, “dd(-G)”, and
“dd(-C)” mixes, respectively. Lanes 2, 4, 6, and 8 contain the
products of polymerase extension of the DNA 1n lanes 1, 3,
S5, and 7, respectively Lane 9 contains unextended primers.
Eaeh of the pnmers that was not blocked with the dideox-
yribonucleotide mix could be efliciently extended to the end
of the template strand by DNA polymerase. Taken together
with the results of the N-extension reactions shown in FIG.
24 and FIG. 25, the results shows that base walking and
termination (and therefore multiple base sequencing reac-
tions) are feasible.

EXAMPLE 3

DNA Random Nicking Using Fe/EDTA and DNase
I

Random nicking reactions were performed on a circular,
double-stranded plasmid and linear PCR DNA molecules,
using a chemical Fenton reaction for creation of hydroxyl
radicals (Hertzberg and Dervan, 1984; Price et al., 1992),
and enzymatic treatment with DNase I 1n the presence of
Mn™* cations (Campbell et al, 1980). The radioactively
labeled products of cleavage were analyzed by gel electro-
phoresis.

A. DNA Preparation

A 489 bp pUCI9 DNA fragment (bp 1714-1225) was
amplified from pUCI19 plasmid DNA (New FEngland
BioLabs) using *“P labeled pUC19 primer 2 (5'-TTATCTA-
CACGAAGGGGAGTCAGA-3"; SEQ ID NO:14) and bioti-
nylated pUC19 primer 1 (5' Biotin-GGTAACAGGATTAG-
CAGAGCGAGG-3';, SEQ ID NO:13). To radioactively
label primer 2, 1 ul ef 10 uM pUC19 primer 2 was combined
with 2.5 nl 10x Kinase buffer (BMB), 4 ul *°P v-ATP
(Amersham), 16.5 ul H,O, and 1 pul T4 kinase (BMB),
incubated at 37° C. for 1 hj stopped by adding 3 ul 100 mM
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EDTA, heated for 10 min at 75° C. and adjusted with 22 ul
H,O to final volume of 50 pl.

To perform PCR amplification, 50 ul of °“P labeled primer

2 was combined with 4 ul of 10 uM biotinylated primer 1,
20 ul of GeneAmp 10xPCR builer (500 mM KCI, 100 mM

Tris-HCI, pH 8.3, 15 mM MgCl,, and 0.01% gelatin; Perkin
Elmer), 3 ul pUC19 DNA (1 ng/ul), 8 ul 2.5 mM dNTP, 114
ul H,O and 1 ul AmpliTag (5 U/ul; Perkin Elmer). Ampli-
fications were performed 1 two 100 ul volumes using DNA
Thermo Cycler (Perkin Flmer) and 20 cycles of polymer-
1zation reaction comprising of: 30 sec of denaturing at 94°
C., 30 sec of primer annealing at 62° C., 1 min of extension

at 72':’ C. Amphﬁed DNA was prempltated with ethanol,
dried and dissolved 1n 50 ul TE builer.

To immobilize DNA, 50 ul of paramagnetic streptavidin-
coated beads (Dynabeads M-280 Streptavidin; Dynal) were
washed 3 times using magnetlc separator (Life Technolo-
gies) and 1x B & W buller, resuspended 1n 50 ul of 2x B &
W bufler, mixed with 350 ul of PCR amphﬁed DNA frag-
ment, and incubated at 37° C. for 1 h using occasional
mixing by gently tapping the tube. Immobilized DNA was
washed 3 times with 1x B & W buller and finally resus-
pended 1 50 ul of TE buftler.

The buflers used are as follows. GeneAmp 10x PCR
bufter: 500 mM KCI, 100 mM Trnis-HCI, pH 8.3, 15 mM
Mg(Cl,, and 0.01% gelatin; Perkin Elmer). 2x B & W builer:
10 mM Tns-HCI, pH 7.5, 1 mM EDTA, 2.0 M NaCl. TE
bufler 10 mM Tris-HCI, pH 7.5, 0.1 mM EDTA. 1x DNase
I buffer: 50 mM Tns-HCl pH /. 5 1 mM MnCl,, 100 mg/ml
BSA. “Stop” bufifer: 100 mM thjourea, 1 mM EDTA.

B. Chemical Nicking of Immobilized DNA with Fe/EDTA

25 ul of immobilized DNA was additionally washed 2
times with 30 ul of 10 mM Tris-HCI bufler, pH 7.5, and
resuspended 1n 735 ul of the same bufler at the bottom of 1.5
ml Eppendort tube. 5 ul were taken as a control. 10 ul of
freshly-prepared Fe/EDTA complex (20 mM ammonium
iron(1l) sultate/40 mM EDTA), 10 ul of 10 mM sodium
ascorbate and 10 ul of 0.3% H,O were mixed quickly on the
tube wall and combined with 70 ul of the immobilized DNA
(Price and Tullius, 1992). The reaction was performed at
room temperature and 25 ul aliquots were removed after 15
sec, 30 sec, 1 min, and 2 min of incubation with Fe/EDTA.
The reaction was stopped by adding 100 ul of “Stop” bufler.
The suspension was washed 3 times with “Stop” buller
followed by 2 washes with TE butler.

C. Enzymatic Nicking of Immobilized DNA with DNase I

25 ul of immobilized DNA was additionally washed 2
times with 50 ul of DNase I bufller and resuspended 1n 105
ul of the same butler. 5 ul were taken as a control; 100 ul of
the immobilized DNA was premcubated at 15° C. DNase I
(1 mg/ml; BMB) was diluted 1:1,000,000 with DNase I
butler and 5 ul (30 pg) was addec to DNA. The reaction was

performed at 15° C. and 25 ul aliquots were removed after

1 min, 2 min, 5 min, and 10 min of incubation with DNase
I and mixed with 25 ul of 100 mM EDTA. The suspension
was washed 2 times with 1x B & W bufler followed by 2
washes with TE butler.

D. Electrophoretic Separation and Analysis

A standard denaturing 6% polyacrylamide sequencing gel

was run under standard conditions (Ausubel et al., 1991).
The °*P-labeled and nicked DNA products were detected

and quantitated using a Molecular Dynamics 400A Phos-
pholmager and ImageQuant software. FIG. 27 shows that
the patterns of DNA degradation caused by Fe/EDTA and
DNase I treatment are nearly random. Lanes 1, 2, 3, 4, and
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Sand 6,7, 8,9, and 10 correspond to 0, 15 sec, 30 sec, 1 min,
2 min, and 0, 1 min, 2 min, 5 min, 10 min of incubation of

immobilized DNA with Fe/EDTA and DNase I, respectively.

EXAMPLE 9

[T

Ticient Conditioning of Fe/EDTA Introduced
Breaks and Random DNA Sequencing

Fe/EDTA treatments mtroduce 1 base DNA gaps with a
phosphate group at the 3' end of the detfect (Hertzberg and
Dervan, 1984; Price and Tullius 1992). Diflerent enzymatic
reactions were tested, and it was found that the combined
action ol T4 DNA polymerase and exonuclease 1II can be
ciliciently used to repair the 3' ends and expose 3' hydroxyl
(OH) groups eflective for DNA polymerases.

A. Fe/EDTA Treatment of PCR Amplified and Plasmid DNA

Immobilized PCR amplified DNA (1 pmol) was pro-
cessed with Fe/EDTA as described above 1n Example 8. 1

mg of pUC19 plasmid DNA was supplemented with 65 ml

of 10 mM Tns-HCI, pH 7.3, placed at the bottom of 1.5 ml
Eppendort tube, and combined quickly with 10 ml Fe/EDTA
(0.25 mM/0.5 mM), 10 ul 10 mM sodium ascorbate and 10
ul 0.3% H,O,. The reaction was performed at room tem-
perature for 15 sec and stopped by adding 100 ul of “Stop”
bufler (see Example 8). DNA was washed 2 times with
“Stop” bufler and 2 times with TE bufler using Microcon
100 microconcentrator (Amicon) and recovered i 20 ul

volume of H,O.

B. Conditioning of Fe/EDTA-Introduced Breaks with Exo-
nuclease 111 and T4 DNA Polymerase

Four 1 ul (100 ng) aliquots of pUC19 DNA after Fe/EDTA
treatment were mixed at 4° C. with 4 ul 5x T4 polymerase
buffer (BMB), 1 ul 2.5 mM dNTP mix, 1 ul T4 DNA
polymerase (1 U/ul; BMB), supplemented with 0, 0.1 U, 0.3
U, or 1U of diluted exonuclease III (exo III; 100 U/ul;
BMB), adjusted with H,O to 20 ul and incubated at 37° C.
for 30 min. After inhibition of exo 111 by heating the samples
for 10 mun at 70° C., 1 ul of fresh T4 DNA polymerase was
added and the reactions performed at 12° C. for 1 h. The
reactions were stopped by adding 2.5 ul 100 mM EDTA and
TE bufler to 200 ul, extracted with phenol/chloroform and
cthanol precipitated. DNA pellets were recovered, washed
with 70% ethanol, dried and dissolved in 10 ul of TE butler.

In the second study, 1 pmol of immobilized PCR ampli-
fied DNA that had been Fe/EDTA treated for 15 sec (pre-
pared as in the Example 8) was washed with 50 ul of 1x T4
DNA polymerase buller (BMB) and resuspended in 100 pl
of 1x T4 DNA polymerase bufler supplemented with 125
mM dNTP and 0.1 U of exo III. DNA was incubated for 20
min at 37° C. and, after adding 1 ul of fresh T4 DNA
polymerase, for another 20 min at 15° C. The reaction was
stopped by adding 2 ul 0.5 M EDTA and the DNA suspen-
sion was washed 2 times with 100 ul of 1x B & W bufler and
2 times with TE bufler.

C. Polymerase Extension Reactions

10 ul pUC19 DNA samples after Fe/EDTA treatment and
conditioning with different amounts of exo III were supple-
mented with 20 pl of GeneAmp 10x PCR bufler, 8 ul 25 mM
MgCl,, 25 pmol (80 uCi) of **P c.-dCTP (Amersham), 53 ul
H,O and 1 pl of AmplhiTaqg (Perkin Elmer). The reaction

proceeded s min at 43° C. and 5 min at 55° C. and was
stopped by adding 3 ul of 10x DNA loading builer.

50 ul (1 pmol) of immobilized, Fe/EDTA treated and
conditioned DNA was washed with 50 ul of GeneAmp 1x
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PCR butler and aliquoted (15 ul) mto tubes #2, 3 and 4. Tube

#1 contained about 300 tmol of immobilized and washed but
not treated PCR DNA. After removing the buflers with
magnetic separator, tubes 14 were supplemented with 30 ul
of GeneAmp 1x PCR bufler, containing 0.75 U AmpliTag 5
and 100 nM **P a-dATP, 100 nM **P a-dATP/200 nM cold
a-dATP, 100 nM °*P o-dATP, and 33 nM °°P «-dATP,
respectively. Samples were incubated at 45° C. for 10 min
and then terminated with 1 ul 0.5 M EDTA, washed once
with B & W butler, once with TE and 2 times with 0.1 M 10
NaOH. DNA was released from magnetic beads by heating,

at 95° C. 1n 10 ul of standard sequencing loading bufler and
fast separation from the beads by magnetic separator.

D. Electrophoretic Analysis

pUC19 DNA samples after Fe/EDTA treatment, condi-
tioming and DNA polymerase labeling were run on 1%
agarose gel in 1x TAE buller, stained with ethidium bromide
and analyzed using a cooled CCD camera. After this the
DNA was clectroblotted onto ZetaProbe (BioRad) nylon
membrane and analyzed using Phospholmager.

FIG. 28 shows the stained gel (panel A) and autoradio-
gram (panel B). Lanes 1 and 7 contain non-conditioned
Fe/EDTA treated DNA: lanes 2 and 8 contain DNA condi-
tioned with T4 DNA polymerase only; lanes 3 and 9 contain 4
DNA conditioned with combined action of T4 DNA poly-
merase and 0.1 U exo III; lanes 4 and 10 contain DNA
conditioned with combined action of T4 DNA polymerase
and 0.3 U exo III; lanes 5 and 11 contain DNA conditioned
with combined action of T4 DNA polymerase and 1 U exo 4,
[II; lanes 6 and 12 contain DNA conditioned with combined
action of T4 DNA polymerase and 3 U exo III. Very little
incorporation of P o.-dATP was detected in non-condi-
tioned (lanes 1 and 7) and T4 polymerase conditioned (lanes
2 and 8) DNA samples. Incubation with a very small amount .
of exo III increases efliciency of DNA labeling 100 times,

indicating eflicient removal of 3' phosphate groups 1n
Fe/EDTA treated DNA.

A standard denaturing 6% polyacrylamide sequencing gel
was run under standard conditions (Ausubel et al,. 1991). 4,
Fe/EDTA treated, conditioned and °*P a-d ATP-labeled PCR
DNA products were detected and quantitated using a
Molecular Dynamics 400A Phospholmager and ImageQuant
software. FIG. 29 shows results of specific incorporation of
>?P a-dATP into Fe/EDTA randomly nicked DNA. Lanes 45
1-3 correspond to labeling reactions performed at 30 nM,
100 nM, and 300 nM of a-dATP, respectively. Lane 4
corresponds to non-degraded control DNA incubated with
100 nM a-dATP. The data demonstrate the feasibility of the

random nick DNA sequencing method. 50
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Additional Methods for Multibase Analysis

55
This example describes additional biochemical reactions

that generate DNA {fragments sutiable for multi-base
sequence analysis. These techniques extend the earlier
described “random nmick™ approach, as well as several reac-
tions which utilize random double-stranded (rds) breaks. 4o

Three steps are common for all the reactions described in
this example. In the first step (step a), random double-
stranded (rds) breaks are introduced 1n the DNA molecule by
any ol the methods described herein, including sonication,
nebulization, 1rradiation, or enzymatic treatment, for 65
example using DNase I in the presence of Mn™™. A combi-
nation of sonication and DNase I degradation 1s particularly

90

preferred 1n certain aspects of the invention. It 1s preferred
that the distribution of the double stranded breaks along the
DNA molecule 1s essentially random.

In the second step (step b), the broken ends are condi-
tioned or repaired to generate a 3' hydroxyl group, as
described herein above, for example using T4 DNA poly-

merase. While 1n certain aspects of the invention this step
can be eliminated, particularly when certain enzymatic treat-
ments are used to generate the double stranded breaks, 1t 1s
particularly important when non-enzymatic methods for
creating double stranded breaks are used. Physical methods
of creating double stranded breaks, such as sonication and
nebulization, usually generate DNA ends which cannot be
ciiciently ligated to an adaptor (apprommately 1% efhi-
ciency). Conditioming or repairing treatment increases the
ligation efliciency from about 1% to about 10%, and by
using a combination of T4 DNA polymerase and exonu-
clease 111, as described herein above, the ligation efliciency
can be increased to almost 100%.

In the third step (step c), the conditioned or repaired
randomly broken ends are linked or attached to a double
stranded oligonucleotide adaptor through ligation. An exem-
plary adaptor 1s the 3'-blocked oligonucleotide adaptor 1s
depicted in FIG. 30A. Only the top (W) strand of this
adaptor has a 5'-phosphate group that can be covalently
linked to the 3' OH group of the repaired DNA ends. In
certain aspects of the invention, an adaptor that has a
blocking group, for example a dideoxy- or NH,-group, at the
3" end of only the top (W) strand 1s contemplated for use.
However, adaptor-adaptor ligation 1s possible, thus reducing
the efliciency of ligating the adaptor to the repaired ends of
the DNA molecule. Therefore, more preferred 1s an adaptor
that 1s blocked by the presence of a blocking group at both
3' termini, which allows the concentration of adaptors to
remain high during the ligation reaction and leads to very
high efliciency of adaptor ligation to the blunt DNA ends.
Additionally, the thymines 1n the W strand can be replaced
by deoxyuracil, which allows for the destruction of the W
strand of the adaptor using a combination of uracil DNA
glycosvlase (dU-glycosylase) and NaOH.

In addition to generating a nick that can be used to prime
DNA synthesis and strand displacement, as described 1n
detail herein above, the adaptor allows the set of molecules
terminated at specific base combinations to be selected from
the pool of randomly terminated DNA fragments (FIG. 31).
The selection can be performed 1n a variety of ways,
including using the procedures described herein above for
selection and 1solation mono-, di- or tri-nucleotide base
combinations. The adaptor also allows the selected set of
DNA fragments to be amplified using multiple primer-
extension or PCR.

In this example the source DNA (DNA to be sequenced or
mapped) 1s a PCR product, but linearized plasmid DNA can
be also used. Furthermore, the use of a biotinylated primer
and magnetic separations significantly simplifies the
mampulations, but 1s not absolutely required.

A. Random Nick Formation

As described above, the adaptor can be used to generate
a random nick, which can be used 1n conjunction with the
walking and blocking (dd(-N)) methods described above.
This protocol can be performed using an adaptor having a
lower (C) strand that 1s not blocked at the 3' end, or, as
described in detail below, by displacing the 3' blocked C
strand and annealing a fresh, non-3' blocked C primer. These
protocols allow for the selection of DNA fragments termi-
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nating in specific multi-base strings (for example A T, G,
where n and m are greater than or equal to 1).

B. Multi-Base Sequence Analysis

This techmique provides for the selection of DNA frag-
ments with a specific base combination adjacent to the
adaptor. It 1s achieved through a set of sequential biochemi-
cal reactions. For example, to select DNA fragments that
have 5'-ATG-3' base combination at their 5" adapted termina,
the following reactions are performed following the ligation
of the adaptor as described above (FIG. 32). The excess,
non-ligated adaptors are removed by washing, and the DNA
sample 1s heated at a temperature suflicient to displace the
bottom (C) strand, for example 65° C. Then a non-blocked
C strand oligonucleotide 1s hybridized to the covalently
attached oligo-adaptor W strand, and the excess W strand
oligonucleotide 1s removed by washing.

Next, the sample 1s incubated with blocking solution “A”,
contaiming ddATP and an appropriate DNA polymerase, and
then the sample 1s washed to remove the excess ddATP.
During this step ddA 1s incorporated into the 3' ends of the
C strand primers that associated with fragments having an
adenine at the 5' position next to the adaptor, thus blocking
these primers. The sample 1s then incubated with extension
solution containing an appropriate DNA polymerase and
dNTP mix with T substituted by dU. During this step all of
the C-primers except those that are blocked by ddA will be
extended.

Next, the DNA sample 1s heated at a temperature sudli-
cient to displace the blocked C strand, for example 65° C.,
a new non-blocked oligonucleotide primer C-A (FIG. 30B,
where X represents A), which has the same sequence as the
C strand plus an adenine residue at the 3'-end, 1s hybridized
to the W strand. During this step the C-A primer will bind
only to DNA molecules which contain A at the 5' end
adjacent to the adaptor, competing with the displaced ddA-
blocked primers, as the other primers are stabilized by the
extension step and cannot be displaced by the C-A primer.
After the excess C-A primer 1s removed by washing, the
DNA 1s icubated with blocking solution “T” (an appropri-
ate DNA polymerase plus ddTTP), and the excess ddTTP 1s
removed by washing. The DNA 1s then incubated with the
dUTP containing extension solution as described above, and
then the excess extension solution 1s removed by washing.

Next, the displacement (heating) and hybridization pro-
cedure as described above 1s repeated using a C-AT primer
(C strand oligonucleotide plus AT at the 3' end; FIG. 30B,
where X represents A and Y represents T). After removing
the excess C-Al primer by washing, the DNA 1s then
incubated with blocking solution “G” (an appropriate DNA
polymerase plus ddGTP), and then the excess ddGTP 1s
removed by washing. The DNA is then again incubated with
the dU containing extension solution, as described above,
and the excess solution 1s removed by washing.

Next, the displacement (heating) and hybridization pro-
cedure as described above 1s repeated using a C-ATG primer
(C strand oligonucleotide plus ATG at the 3' end; FIG. 30B,
where X represents A, Y represents T and Z represents Q).
After removing the excess C-ATG primer by washing, the
DNA 1s incubated with extension bufler containing an
appropriate DNA polymerase and ANTP mix without dUTP,
wherein at least one of the dAN'TP’s 1s labeled or incorporates
an 1solation tag. Then the DNA sample 1s incubated with
dU-glycosylase, and heated to 95° C., to degrade all inter-
mediate dU-containing extension products and the W strand
of the adaptor (when uracil 1s incorporated in place of
thymidine). The fully extended products, which have an
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ATG sequence at the 5' end adjacent the adaptor, are detected
by a label incorporated 1nto the extended strand, or by a label
incorporated into the 3' end of the C-ATG primer. Alterna-
tively, these strands can be 1solated using a tag incorporated
into the extended strands or the C-ATG primer, and then
detected as described above.

Furthermore, using a standard adaptor as shown in FIG.
30A, single base sequencing can be performed on any
fragment using the four C-X oligonucleotides (C-A, C-T,
C-C and C-G), as shown 1n FIG. 30B. In a similar manner,
two-base analysis can be conducted using the 16 C-XY
oligonucleotides, and three-base analysis can be conducted
using the 64 C-XYZ oligonucleotides.

The use of the C-ATG primer can be eliminated through
the use of a blocking dd(-G) solution as described 1n detail
above. In this case, after the C-AT oligonucleotide has been
annealed, the DNA 1n incubated with blocking solution

dd(-G) (an appropriate DNA polymerase plus ddNTP mix
without ddGTP), and then washed. At this step all of the

C-AT primers will be blocked by ddNTPs except those
which have a G base 1n the next adjacent position. Then the
DNA 1s incubated with extension bufler containing an
appropriate DNA polymerase and ANTP mix without dUTP,
and the DNA sample 1s incubated with dU-glycosylase, and
heated to 95° C., to degrade all intermediate dU-containing
extension products and the W strand of the adaptor (when
uracil 1s incorporated in place of thymidine) as described
above. The filly extended products can then be detected or
1solated as described above. The filly extended products can
also be used for linear amplification by primer extension or
amplification by PCR.

Alternatively, as shown 1 FIG. 33A, a single primer-
selector can be hybrnidized to a single-stranded template,
followed by incubation with an extension solution contain-
ing a ANTP mix and a DNA polymerase (Guilfoyle et al.,
1997). Another method to perform the selection step on a
double-stranded template 1n one step by using a single
primer-selector 1s shown in FIG. 33B (Huang et al., 1992;
Vos et al., 1995). For example, to select for the ATG
combination the C-ATG primer 1s directly hybridized to
DNA to displace the blocked C strand and a short region at
the 5' end of the DNA fragment. The DNA 1s then incubated
with the extension solution, containing dNTP mix and a
DNA polymerase with 5' exonuclease activity.

All of the compositions and methods disclosed and
claimed herein can be made and executed without undue
experimentation in light of the present disclosure. While the
compositions and methods of this invention have been
described in terms of preferred embodiments, it will be
apparent to those of skill in the art that variations may be
applied to the compositions and methods, and 1n the steps or
in the sequence of steps of the methods described herein
without departing from the concept, spirit and scope of the
invention. More specifically, 1t will be apparent that certain
agents which are both chemically and physiologically
related may be substituted for the agents described herein
while the same or similar results would be achieved. All
such similar substitutes and modifications apparent to those
skilled 1n the art are deemed to be within the spirit, scope and
concept of the mvention as defined by the appended claims.
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SEQUENCE LISTING

<le0> NUMBER OF SEQ ID NOS: 14
<210>
<211>
<212>
<213>
<220>

<223>

SEQ ID NO 1

LENGTH: 24

TYPE: RNA

ORGANISM: Artificial Sequence
FEATURE :

displacement primer
<400> SEQUENCE: 1

cccuaacccu aaccaccuaaccc <cuaa

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 2
LENGTH: 21
TYPE: DNA

ORGANISM: Artificial Seguence
FEATURE :

Oligonucleotide 1s used as a probe
<400> SEQUENCE: 2
ccctaaccct aaccctaacce ¢
<210> SEQ ID NO 3
<211> LENGTH: 24

<212> TYPE: RNA
<213> ORGANISM: Artificial Sequence
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<400>
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—-continued

FEATURE:
OTHER INFORMATION: Description of Artificial Sequence:
Oligonucleotide 1s used as a probe

SEQUENCE: 3

uuaggguuag gguuaggguu aggg 24

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 4

LENGTH: 33

TYPE: DNA

ORGANISM: Artificial Segquence

FEATURE:

OTHER INFORMATION: Description of Artificial Sequence:
Oligonucleotide 1s used as a probe

SEQUENCE: 4

ccctecageqg gceccocggttagg gttagggtta ggg 33

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 5

LENGTH: 24

TYPE: DNA

ORGANISM: Artificial Segquence

FEATURE:

OTHER INFORMATION: Description of Artificial Sequence: Strand
displacement primer

SEQUENCE: 5

ccoctaaccect aaccecctaace ctaa 24

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 6

LENGTH: 24

TYPE: DNA

ORGANISM: Artificial Seguence

FEATURE:

OTHER INFORMATION: Description of Artificial Sequence:
Oligonucleotide 1s used as a probe

SEQUENCE: 6

ttagggttag ggttagggtt aggqg 24

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 7/

LENGTH: 22

TYPE: DNA

ORGANISM: Artificial Seguence

FEATURE:

OTHER INFORMATION: Description of Artificial Sequence: Primer used
for sequencing

SEQUENCE: 7

aaaacgaqggt ccacggtatc gt 22

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 8

LENGTH: 32

TYPE: DNA

ORGANISM: Artificial Seguence

FEATURE:

OTHER INFORMATION: Description of Artificial Sequence:
Oligonucleotide used as a sequencing template

SEQUENCE: B8

caggatgtga ccctccagca cataggtcta cg 32

<210>
<211>
<212>
<213>
<220>

SEQ ID NO 9

LENGTH: 21

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

98
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—-continued

OTHER INFORMATION: Description of Artificial Sequence:
for sequencing

SEQUENCE: 9

ggtcgtgtat ccagatgcca g

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 10

LENGTH: 23

TYPE: DNA

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: Description of Artificial Sequence:
for sequencing

SEQUENCE: 10

gaggtcgtgt atccagatgc caqg

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 11

LENGTH: 25

TYPE: DNA

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: Description of Artificial Sequence:
for sequencing

SEQUENCE: 11

gggaggtcgt gtatccagat gccaqg

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 12

LENGTH: 28

TYPE: DNA

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: Description of Artificial Sequence:

for sequencing

SEQUENCE: 12

actgggaggt cgtgtatcca gatgccaqg

<210>
<211>
<212>
<213>
<220>
<223>

<220>
<221>
<222>
<223>

<400>

SEQ ID NO 13

LENGTH: 24

TYPE: DNA

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: Description of Artificial Sequence:
Oligonucleotide used as a PCR primer
FEATURE:

NAME/KEY: misc_feature

LOCATION: (1)

OTHER INFORMATION: biotin attached to 5' end

SEQUENCE: 13

ggtaacagga ttagcagagc gagqg

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 14

LENGTH: 24

TYPE: DNA

ORGANISM: Artificial Sequence

FEATURE:

OTHER INFORMATION: Description of Artificial Sequence:
Oligonucleotide used as a PCR primer

SEQUENCE: 14

ttatctacac gaaggggagt caga

Primer used

21

Primer used

23

Primer used

25

Primer used

28

24

24

100
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What 1s claimed 1s:

1. A method for preparing a DNA molecule comprising
the steps of:

a) obtaiming a sample of DNA that includes double-
stranded DNA molecules that have been fragmented
enzymatically;

b) conditioning DNA fragments of the sample to provide
a 3' hydroxyl group thereon through the use of a
mixture comprising DNA polymerase and exonuclease
III to provide conditioned DNA fragments.

2. The method of claim 1, wherein the DNA molecules

have been fragmented using an endonuclease.

3. The method of claim 2, wherein the DNA molecules
have been fragmented through the use of a restriction
endonuclease.

4. The method of claim 3, wherein the DNA molecules
have been fragmented through the use of a restriction
endonuclease having a two base recognition sequence.

5. The method of claim 3, wherein the DNA molecules
have been fragmented through the use of a restriction
endonuclease having a four base recognition sequence.

6. The method of claim 3, wherein the restriction endo-
nuclease has introduced random double strand breaks into
DNA molecules.

7. The method of claim 2, wherein the endonuclease
introduced a blunt end.

8. The method of claim 1, wherein the DNA polymerase
possesses a 3' to 5' exonuclease activity.

9. The method of claim 1, further comprising attaching an
oligonucleotide adaptor to the conditioned DNA fragments.

10. The method of claim 9, wherein the oligonucleotide
adaptor 1s a double-stranded oligonucleotide adaptor.

11. The method of claim 10, wherein the double-stranded
oligonucleotide adaptor is attached to the conditioned DNA
by only one of its two strands.
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12. The method of claim 11, wherein the double stranded
adaptor 1s attached to the conditioned DNA by means of a 5
terminus of the adaptor.

13. The method of claim 12, wherein the double-stranded
oligonucleotide adaptor 1s blocked at at least one of 1ts 3
termini.

14. The method of claim 13, wherein the double-stranded
oligonucleotide adaptor 1s blocked at both of its 3' termini.

15. The method of claim 1, wherein the conditioned DNA
fragments are amplified.

16. The method of claim 15, wherein DNA fragments are
amplified through a PCR reaction.

17. The method of claim 16, wherein the DNA fragments
are amplified through a PCR reaction through the use of

double-stranded adaptors that have been attached to the
conditioned DNA fragments.

18. The method of claim 1, further defined as comprising
the steps of:

a) obtamning a sample of DNA wherein the sample
includes DNA fragments that do not include a 3
hydroxyl group, wherein the sample has been subjected
to enzymatic fragmentation;

b) conditioming DNA fragments of the sample that lack a
3' hydroxyl by incorporating a 3' hydroxyl group
thereon through the use of a mixture comprising a DNA
polymerase and exonuclease III;

¢) attaching adaptors to DNA fragments of the sample;
and

d) amplitying DNA fragments of the sample through the
use of the adaptors.
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